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Abstract
A hyper-pure germanium detector-based, gamma-ray spectroscopy, low-background 
counting system was used to determine the level of natural radioactivity from beach sand 
samples collected from various locations along the Andaman coast of Thai peninsula 
following the 2004 tsunami. The activity concentrations of ^ ^ a ,  ^^^Th and were 
found to lie in the range of 1.6±0.1<-^52.5±0.8, 0.3±0.1<-^73.9±1.5 and 2.8±0.1-^^1,111.9±116.5 
Bq.kg“  ^ respectively for the west coast and 3.5±0.1«^83.1±1.2, 4.5±0.1-^^42.0±0.9, and 
9.6±1.1<->1,376±144 Bq.kg"  ^respectively for the east coast. The radioactivity concentrations of 
^^^Ra, ^^^Th and along the Andaman coast are comparable to that of the east coast, 
which was not exposed to the tsunami. The activity concentration of artificial 
radionuclides (ie.^^^Cs) was found to be below the minimum detectable activity. The 
derived values for external and internal hazard indices for sand samples obtained in this 
study ranges from 0.01-0.50 and 0.01-0.72 respectively while the radium equivalent 
activity varied from 2.8-184.8 Bq.kg"^ which are lower than the internationally approved 
values of <1 for ifex and and <370 Bq.kg'^ for Rag,. None of beach sand samples 
which were studied could be considered as a radiological hazard to people who were 
exposed to them. The monitored areas are at the typical local level of radioactivity from 
natural background radiation. The gamma absorbed dose rates due to ^^^Ra, ^^^Th and 
in the sand samples varied in the range 1.3±0.1 to 86.4±2.5 nGy.h  ^ with an average value 
of 48±1 nGy.h'b Assuming a 20% outdoor occupancy factor, the corresponding annual 
effective dose varied from 1.6±0.1 to 105.9±3.1 pSv.y  ^ with a mean value of 59.1±0.3 
pSv.y'^ , significantly lower than the worldwide average value of 0.07 mSv.y'^ for the 
annual outdoor effective dose as reported by UNSCEAR(2000).
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Chapter 1
1 Introduction
1.1 Background
Humans are subjected to low levels of natural radioactivity from their surroundings every 
day of their lives. Most of these exposures come from naturally occurring radionuclides, 
including those created directly from cosmic radiation. Natural materials containing these 
radionuclides are often referred to by the acronym NO RM  (Naturally Occurring 
Radioactive Materials) [NCRP87] and can be described as two groups of radionuclides, 
namely cosmogenic and primordial. Cosmogenic radionuclides are continuously 
produced following the bombardment from high-energy cosmic rays on atoms in the 
atmosphere (usually oxygen or nitrogen), whereas primordial radionuclides have been 
present on earth since its creation and are present in the wider environment such as foods, 
soil, water, air, building materials and the human body (e.g. in bones) [WIL94]. Only 
4 of 22 identified cosmogenic radionuclides (^ "^ C, ^H, ^N a and ^Be) are considered to 
contribute significantly to human dose rate. The list of long-lived cosmogenic 
radionuclides present in air, rain water and ocean water (in units of Bq.kg )^ is shown in 
Table 1-1 followed by the short-lived cosmogenic radionuclides appearing in rain water 
(Table 1-2) [CHO02, EIS97]. Since the largest contribution (about 87 %) [UNSCEAROO] 
towards the radiation dose received by the world’s population is due to natural radiation 
sources, it is important to assess such doses with the aim of preventing potentially adverse 
health effects on humans.
Primordial radionuclides typically have a very long half-life, similar to the estimated 
age of the Earth (4.5 x 10^  years) [NCRP87] and have accompanied the Earth since its 
formation. These radionuclides and their decay progeny are contained in terrestrial 
materials and are widespread throughout the land and oceans. From a radiological point 
of view, the most important primordial radionuclides are^^^U (half-life 4.47x10^ years).
(half-life 1.41x10^° years) and'^^K (half-life 1.28x10^ years) [UNSCEAR93]. Other 
terrestrial radionuclides, including those of the series, ^^Rb, ^^^La, and  ^ Lu
are also known, but since relatively low levels of dose arise in the natural background 
from such radionuclides, their effects are normally discounted [UNSCEAROO]. Man- 
made radionuclides such as ^^^Cs, ^°Sr, "^^ ^Am and ^^^Pu are also found in nature as a 
result o f nuclear atmospheric weapons testing and nuclear accidents (e.g. Chernobyl and 
most recently Fukushima). The primary source of ^^^Cs in the biosphere is from 
atmospheric nuclear weapons testing by the United States and the former Soviet Union 
from the 1940s to the 1960s. About 90 % of^^^Cs was produced by atmospheric testing, 6 
% was created by the Chernobyl accident and 4 % by nuclear fuel reprocessing facilities 
[NCRP07]. Although natural radionuclides result in a relatively small amount of radiation 
dose, dust particles contaminated by ^^^Cs may become air-borne and inhalation of 
contaminated dust can result in an internal exposure. In general, there is no regulation for 
limiting the exposure dose received by populations from the natural background radiation 
because the NORM concentration is generally rather low. Nonetheless, NORM 
concentrations can be increased above average natural background levels through some 
industrial activities, for example, waste products from the oil and gas industry such as 
sludge and scale [BER95]. They accumulate in pipes and storage tanks and contribute a 
high activity concentration of NORM. The isotopes of the inert gas radon i.e. ^^^Rn, ^^°Rn 
and ^^Rn from the actinium, thorium and uranium series respectively are also diffused 
into the wider environment. When enclosed houses with inadequate ventilation are built, 
the radon levels indoors can be raised [TH098]. In addition, many radioisotopes are used 
in medical, educational and industrial applications. An accidental discharge from these 
radioisotopes can cause radioactive contamination into the natural environment. At 
elevated levels, NORM may be redefined as Technologically Enhanced Naturally 
Occurring Radioactive Material (TENORM) [WIL94].
1.2 The 26^  ^December 2004 Tsunami
A large earthquake (followed by the tsunami) took place on 26^ December 2004 below 
Sumatra, measuring approximately 9.3 on the Richter scale and hit the 17 countries of Sri 
Lanka, India, Indonesia, Thailand, Malaysia, Myanmar, Maldives, Bangladesh, Somalia, 
Seychelles, Madagascar, Mozambique, Mauritius, South Africa, Australia, Tanzania, and 
Kenya [DMRT05]. This earthquake was generated by the movement of Indo-Australian
plate below the Eurasian plate. Normally these plates move by about 70 mm every year 
but they were unable to move for several years. The pressure built up, leading to an 
enormous accumulation of the pressure under the earth’s crust. The rapid release of this 
pressure can result in a massive rise (or drop) in sea level. A sudden replacement of a 
large volume of water due to this earthquake created destructive tsunami waves (Figure 1-1).
T sunam i Tsunam i
fia n t T S U N A M I  front
Sum atra
t ra iia n  PlataIn
Figure 1-1: Major tectonic plates and the movement of earth’s plates [DMRT05].
In Thailand, a series of large waves hit the Andaman Coast, affecting seriously the 
six coastal provinces along the Andaman Sea in southern of Thailand, namely; Ranong, 
Phang Nga, Phuket, Krabi, Trang and Satun. The most impacted area was the Khao Lak 
district in Phang Nga province as shown in Figure 1-2. The underlying geomorphic 
features on both coastal plains of Thai peninsula are different and affected by the variety 
of quaternary deposits in the Southern Region [DHE95] as illustrated in Figure 1-3.
The Gulf of ThailandChjm&ho
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Figure 1-2: Map of southern Thailand and affected areas by tsunami [AVI05, T H A ll].
1.3 Aim of the Research
According to Gonzalez [GONOO], some natural processes such as volcanic eruptions, 
mineral water springs, erosion and movements o f sand can bring proportions of the 
earth’s radioactive inventory into the human habitat. This PhD thesis project investigates 
whether the movement of sea water and sand caused by the tsunami resulted in the 
transfer of significant amounts of radioactivity from other areas (for example the ocean 
floors) onto the beaches o f western Thailand, thereby increasing the environmental dose 
rate due to NORM in these areas. Approximately 60 beach sand samples were collected 
along both the western and eastern sides of Thailand coast in August 2008 and were 
analysed for the activity concentrations of^^^Ra, ^^^Th and Use was made of a HPGe
detector-based gamma-ray spectroscopy low background counting system to allow 
estimates of the equivalent dose rate in air 1 m above the ground surface present along the 
Andaman coast of Thailand following the 2004 tsunami. The results from the western 
coast were then compared to the measurements on the eastern coast o f the Thai peninsula, 
which was not exposed in the tsunami. These data will also be used to help establish a 
radiological baseline map in Thailand and as a reference to assess any alterations in the 
radioactivity background level due to the changes in the topography of the location, other 
developments around the area (i.e. the use of fertilisers for agricultural purposes) or any 
artificial influences on the environment.
An introduction to the natural uranium-thorium decay chains is presented in Chapter 2 
including the concepts of the radioactive decay law, modes of nuclear decay, radioactive 
equilibrium and gamma-ray features which are divided into three parts: (i) gamma-ray 
spectroscopy with germanium detectors, (ii) gamma-ray interactions with matter and (iii) 
gamma-ray attenuation. The detection limits, specific activity concentration, external 
gamma dose rate determination and biological effects are also discussed in this Chapter. 
The experimental methodology involving sample collection and preparation, 
experimental setup, detector characterisation and sample analysis are presented in 
Chapter 3, followed by the experimental results of this study in Chapter 4. The 
conclusions of this study and suggestions for further analysis are outlined in the final 
chapter.
Table 1-1 Typical concentrations of long-lived cosmogenic radionuclides in air, rainwater, and ocean 
water [CHO02, EIS97].
Nuclide Half-life Decay Mode Typical Concentrations (Bq.kg'b
(years) and Particle 
Energy (MeV)
Air
(troposphere)
Rainwater Ocean water
12.32 0.0186 1.2x10“' 7x10“"
1.52x10' 0.555 2x10“®
5715 yg-0.1565 5x10“'
^Na 2.605 0.545 1x10“' 2.8x10“^
7.1x10' yg+1.16 2x10“ °^
^^ Si 160 0.213 4x10“’
0.239 yg-0.167 1.3x10"^ 7.7-107x10“'
36ci 3.01x10' yg-0.709 1x10“'
'"Ar 268 yg-0.565 6x10“®
3.7x10' EC (0.596)
°^Kr 2.2x10' EC (0.28)
Values in parenthesis are decay energies
Table 1-2 Short-lived cosmogenic radionuclides in rainwater [CHO02].
Nuclide Half-life Decay Mode and 
Particle Energy 
(MeV)
’Be 53.28 d EC (0.477)
"^Na 14.96 h p-  1.389
''Mg 21.0h p-  0.459
32p 14.28 d p-  1.710
33p 25.3 d P~ 0.249
'^ Cl 55.6 min p-  1.91
Value in parenthesis is decay energy
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Figure 1-3: Geological map of Thailand [DMRA05].
C hapter 2
2 Theory
2.1 The Naturally Occurring Radionuclides
The naturally occurring radionuclides can be divided into two categories that occur: 
single decays and those comprised of the three main radioactive decay series. Decay 
chains from terrestrial radionuclides have been present since the birth o f the earth, headed 
by the radionuclides (half-life 7.04x10 ' years), (half-life 4.47x10^ years), and
^^'Th (half-life 1.41x10^*  ^years) [UNSCEAR93]. Naturally occurring uranium consists of 
three separate radioisotopes with present day isotopic abundances of 99.3% for and 
about 0.7% for plus a small amount o f (5x10'^ %) [CEM09]. The and 
isotopes are part of the same series (the “uranium” series), while is the first 
radionuclide of another family called the actinium series. Uranium has been found in all 
rocks and soils with an average concentration in the range of 1-3 parts per million (ppm) 
by weight, which corresponds to a specific activity o f ~74 mBq.g'^ soil [WIL94, 
CEM09]. The relationship between uranium and P2O5 content of fertilizer has been 
investigated in various studies and it has been concluded that the concentration of 
uranium is directly proportional to the concentration of phosphorous [BOU78, SPA72]. 
Therefore, higher concentrations of uranium than normal are encountered in phosphate- 
rich soil (about 7-125 ppm), while the uranium content in medium-grade and high-grade 
ore are about 1,000-5,000 ppm, and 10,000-40,000 ppm respectively [CEM09].
In nature, natural thorium is about 4 times more abundant than uranium and 
contains 100% of ^^'Th isotope [GIL08, CEM09]. High concentrations of thorium are 
commonly found in monazite minerals, (which can have thorium contents of up to 26.5%) 
and in zircon (up to about 13%) [UNSCEAR93]. A member of these three families can be 
simply distinguished by dividing its mass number by 4. Those nuclides which have mass 
numbers that can be formed by 4n+2, 4n+3 and 4n (where n is an integer) belong to 
uranium, actinium and thorium series respectively. In the uranium series, there are 14 
decay stages until reaching the stable '°^Pb while in actinium, the transformation process
involves 12 radionuclides with the stable end product, Another 11 radionuclides
make up the thorium chain, ending with the stable nuclide, ^°^Pb. The decay stages of 
these three decay series are illustrated in Figures 2-2, 2-3, and 2-4. The daughter nuclides 
generated during the decay of the very long-lived natural radionuclides are also 
radioactive and therefore they continue to decay until a final (stable) daughter nuclide is 
formed, leading to the termination of the decay chains.
After an unstable nuclide emits an cr or ^  particle, the residual nucleus may be 
populated in an excited state. In order to de-excite the nucleus to its ground state, a single 
gamma ray or a cascade of gamma rays can be expelled. This phenomenon is associated 
with the energy difference between the initial state and the final state. For example, there 
are five main y -ray energies emitting from a source of ^ °^T1 (in the ^^^Th decay chain) at 
277, 511, 583, 860 and 2614 keV. A schematic diagram of the gamma-ray decay scheme 
from °^^ T1 to ^°^Pb is depicted in Figure 2-1. Other gamma-ray emission from ^^^Th, 
decay series and their daughters are shown in Table 2-1. A listed of the main sources 
of naturally occurring radioactive nuclides are given in Table 2-2 along with some of their 
properties [CHO02].
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Figure 2-1: Decay scheme of to (these data are taken from [FIR98]).
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Figure 2-2: The uranium decay series.
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Figure 2-3: The actinium decay series.
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Table 2-1 The most significant gamma rays emitted by the NORM nuclides [WAH07, FIR98].
Nuclide Half-life Decay Gamma-ray energy Emission probability
mode (keV) (%)
series
4.468 (3)xlO*y a 49^5 0% 0.063 (7)
234Th 24J^U 3)d (3‘ 63.283 (6) 4 ^  CO
92.370 (10) 2.42(15)
234mp^
92.793 (10) 2.39(15)
1.17 (3) m p- 1001.03 (3) 1837(10)
766.38 (2) 1294(12)
742.81 (3) 0.080 (4)
234u 2.455 (6)xlO^ y a 53.20 (2) 0 J23C 0
23ÜTh 75380 (30) y a 67.672 (2) 1373 (21)
1600 (7) y a 186.211 (13) 3.59 (6)
3^235 (3) d a 511(2) 1076
218po 3.10 ( l)m a, p‘ no y -rays -
214pb 26.8 (9) m p- 351.932(2) 35^ CO
295.224 (2) 112  CO
241.997 (3) 7.12(11)
1.6 s a no y -rays -
19.9 (4)m a, p" 609.312(7) 44.6 (5)
1764.494 (14) 111 CO
1120.287 (10) 14.7 (2)
1238.110(12) 5.78 (8)
164.3 (20) us a 799.7 (1) 0.0104 (35)21Drpj 1.3 m p- no y -rays -210pb 22.3 (2) y P- /Ki.539 (l) 4L25(4)
210b i 5^13 (5) d a, p" no y -rays -
21UpQ 138.376 (2) d a 803.10 (5) 0.00122 (4)
206pb stable - - -
series
232xh 1.405 (6)xlOi"y a 6181 GO (X263 (13)
5.75 (3) y p- 13.52 (2) 1.6
""'Ac 6.15 (2) h p- 911.204(4) 218 CO
968.971 (17) 15.8 (3)
338.320 (3) 11.27(12)
964.766 (10) 4.99 CO
463.004 (6) 4.40 CO
228xb 1.9116 (16) y a 84.373 (3) 1.22 (2)
224Ra 3 .6 6 0 ^ d a 240.986 (6) 4.10(5)
zzoRn 55.6(1) s a 549.76 (4) 1114(17)
0 J4 5 (2 )s a 804.9 (5) (10019(3)
2Upb 10.64 ( l ) h p- 238.632 (2) 43.3 (3)
300.087 (10) 3.28 (3)
212b i 60.55 (6) m a, p' 727.330 (9) 6J 8 C0
zizpo
1620.50 (10) 1.49 (4)
&299(2)p^ a no y -rays -
208xj 3.053 (4)m p- 2614.533 (13) 35.64 (6)
583.191 (2) 30.4 (2)
510.77(10) 8.13 (2)
860.564 (5) 4.47C0
208pb stable - - "
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Table 2-1 The most significant gamma rays emitted by the NORM nuclides (continued).
Nuclide Half-life Decay
mode
Gamma-ray energy 
fkeV)
Emission probability 
(%)
series
235u 7.038 ( 5 ) x l0 \ a 185.715 (5) 57.2 (5)
143.764 (2) 10.96 (8)
163.358 (2) 538 cn
205.309 (2) 5.01 (5)
23lTh :% .52(l)h p- 25.646 (4) 14.5 (3)
84.216 (3) 6.6 (3)
3 .276(ll)x l04y a 2 7 3 6 (0 103 cn
300.07(1) Z47C%
302.65 (2) 2.87 (27)
Ac 2L773 (3)y a, p‘ 99.6 (1) 03056(17)
227xh 18.72 (2) d a 235.971 (20) 12.3 (13)
50.13 (1) 8.0 (9)
256.25 (2) 7 3 ( 4
329.851 (20) 2.69 (27)
'^ R a 11.435 (4) d a 269.459 (10) 13.7 (3)
154.21 (1) 5.62 (14)
323.871 (10) 333 CO
144.232 (10) 3.22 (7)
z^Rn 3.96 (1) s a 27L23(1) 10.8 (3)
401.81 (41) 6.4 (2)
z^Po 1.781 (4) ms a, 1 438.8 (3) 034CO211pb 36.1 (2)m P- 404.853 (10) 3.78 (5)
832.01 (3) 3.52 (5)
427.088 (10) 136C n
"''B i 2.14 (2) m a, 1 351.059 (20) 12.91 (11)
2"Po 1516 (3) s a 897.80 (5) 0.561 (11)
569.70 (22) 0.545
2U?x| 4.77 (2) m P- 897.80 (5) 0.260 (9)zm^ pb stable - - -
Nuclide Half-life (y) Decay Isotopic Abundance (%) 
mode
Typical crustal 
concentration (Bq.kg'^)
4U^ 1.26x10^ P ',EC 0.0117 6305ÜV > 1.4 X 10" P \E C 0.250 2 x l 0 ‘"
^Rb 4 .8 x 1 0 " p- 27.83 70
^^^Cd 9 x 1 0 " P- 123 <2x10-^
5 .1 x 1 0 " P- 953 2 x 1 0 "i23xe 1.3 X 10" EC 0.905 2 x  10"
'''L a 1.1 X 10" ECJE 0.089 2 x 1 0 "
2.1 X 10" a 233 3 x 1 0 "
1.06 X 10" a 15.1 0.7
'% d 1.1 X 10" a 030 7 x 1 0 "
'"'Lu 3.6 X lO'o P- 231 0.04174Hf 2 .0 x 1 0 " a 0.16 2 x 1 0 "
" 'R e 4 x 1 0 " p- 62.60 1 X 10"19üpt 6 x 1 0 " a 0.013 7 x  10"
Pink colour: Data from [CHO02], Blue colour: Data from [NCRP87]
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The similarity of the three families is that each series contains one gaseous 
member from the element, radon; these are ealled radon (^^^Rn, Ti/2=3.825 d), thoron 
(^°Rn, Ti/2=55.6 s), and actinon (^"Rn, Tm =3.96 s) for the uranium, thorium and 
aetinium series respeetively. Since ^^°Rn and ^"Rn decay away rapidly, the health hazard 
from ^^^Rn gas is the most important of these to be eonsidered. Inhalation of 
contaminated dust partieles causes deposition of radioactive radon progeny in the lung 
and brings about an internal exposure. Non-gaseous radioactive daughter nuclei produced 
by ^^^Rn when accumulating in the lungs give rise to a health effect of about 500 times 
larger than that from ^ R n  itself [CEM09] and ^"Po and ^"Po which are the decay 
products of radon can also catalyse cancer and damage cell tissue. Radon gas is an inert 
radioactive gas which is both colourless and odourless. It is easily spread through the air 
relying on various factors such as diffusion, convection processes, surface conditions, 
temperature and wind speed [VANOl]. The concentration in indoor air depends on 
several factors such as underlying soil and rocks, ventilation in the buildings, and 
meteorological factors affecting the flow rate into buildings [THE96]. Radon is not only 
contained in some natural gas and oils supplies but is also present in confined spaces and 
ground water. It ean enter buildings from soil and rocks, from building materials and tap 
water. High radon exposure is found in many places around the world, particularly in 
areas with geothermal or volcanie activity and also in caves and mines. A relationship 
between the weather conditions and radon levels had been discovered by various British 
researchers. In the cold season with high pressure conditions (i.e. cave system) the radon 
levels tend to increased by orders-of-magnitude [UND96]. The average of ^^^Rn 
concentration in outdoor air reported from several countries may be taken normally to be 
in the range of 0.1-0.5 pCi.L’' (4-19 Bq.m") [EIS97].
There is a fourth decay series which is headed by ^^'Pu, called the neptunium 
series. ^""Pu is an artificial radionuclide made in the laboratory by neutron irradiation of 
the reactor-produced ^'^Pu [CEM09]. Even the longest half-life of the member in this 
series, ^ 'N p  (Ti/2=2.2xl0^ yrs) is short enough to have deeayed away since the birth of 
the earth and no longer found in nature, apart from residues from atomic weapons testing. 
The neptunium decay series are displayed in Figure 2-5.
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Figure 2-5: The neptunium decay series [HEA98].
In addition, a non-series natural radionuclide with a half-life of 1.28x10^ 
years, is common in all types of rock, with a variation of concentrations related to those in 
the underlying rock. In nature, natural potassiiim contains only 0.0118% of^°K [THE96]. 
However, with an elemental abundance more than lO'^  times that of uranium and thorium 
by weight in soil and rock, contributes to the dose received by NORM at a level 
comparable to that from the and ^^^Th decay chains. The decay process of 
involves P' emission (89%) and electron capture (EC) (11%). The p" end-point energy is 
1.312 MeV and a gamma ray at energy of 1.461 MeV is emitted following the electron 
capture decay branch, as shown in Figure 2-6.
Q=1504.
EC=10.72%
I      ~ ,1
stable 40 a -
18 A r
Figure 2-6: Decay scheme of'‘“K [HEA98].
0=1311.09
p- =89.28%
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The concentration of ^^^Th, and in typical rocks and soils reported by 
NCR? and in other media are given in Table 2-3 and Table 2-4 respectively.
Table 2-3 Ranges and averages of the concentrations o f ” ^Th, and in typical rocks and soils 
[NCRP87].
Rock type 40R 232Th
23SU
% total K Bq/kg ppm Bq/kg ppm Bq/kg
Igneous rocks
Basalt (crustal ave.) 0.8 300 3-4 10-15 0.5-1 7-10
Mafic 0.3-1.1 70-400 1.6,2.7 7, 10 0.5, 0.9 7, 10
Salic 4.5 1100-1500 16,20 60,80 3.9, 4.7 5%^0
Granite (crustal ave.) >4 >1000 17 70 3 40
Sedimentary rocks
Shale sandstones 2.7 800 12 50 3.7 40
Clean quartz <1 <300 <2 <8 <1 <10
Dirty quartz 2" 400* 3-6* 10-25* 2-3* 40*
Arkose 2-3 600-900 2* <8 1-2* 10-25*
Beach sands <1 <300* 6 25 3 40
Carbonate rocks 0.3 70 2 8 2 25
All Rock (range)
Continental crust (ave.) 2.8 850 10.7 44 2.8 36
Soil (ave.) 1.5 400 9 37 1-8 66
a  indicates estimate in the absence of measured values.
Table 2-4 Natural concentration of some terrestrial radionuclides [VANOl].
Acitivity concentration (Bq/kg)
Media 40k z*Ra Z 3 2 j^ 238^
Soils 400 40 25 25
Granite 1000 100 80 60
Coal <40 <20 <20 -
Fertilizers <4000 <400 <20 -
Ground water <1 <1 <1 <1
Seawater 10 <1 <1 0.04
Drinking-water 0.2 <1 - 0.004
Milk 47 0.003 - -
Foodstuffs 40-300 0.01-100 - -
Man -60 0.03 - 0.1
Natural radioactivity has also been investigated in seawater with the total amounts estimated to be 
4.3x10^  ^kg (53 EBq) for and 6.9x10^° kg (0.3 EBq) for '"^Th. The amount oE*°K is deduced 
to be 7.4x10^  ^ kg corresponding to the activity of 1.94x10  ^EBq which is the major conUibution 
from radioactive source in the oceans [CHO02].
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2.2 Modes of Nuclear Decay
Nuclear disintegration is the decay process that allows an unstable nuclide to transform to 
a new nuclide which has a lower total mass/energy. Alpha or beta radiation is the result of 
the decay process and can be emitted individually or in competition with each other. In 
some cases more than one manner of the decay process is energetically allowed for a 
given radionuclide. In addition, following decays ftom beta or alpha emission there can 
be an additional release of energy from the excited-state of daughter nucleus, which is 
called gamma-ray emission. Several gamma rays may be emitted in a cascade, each with 
different and characteristic energies.
2.2.1 Alpha Decay
An alpha particle is an "^ He nucleus, with the symbol, a. The emission of an a  particle 
generally occurs for heavy radionuclides with atomic number, Z > 83 . Alpha emission is 
the preferential decay mode for such heavy nuclei, resulting from the Coulomb repulsion 
effect between protons which increases with the square of the atomic number. After 
undergoing the alpha emission, the mass number of the final nucleus is less than the 
initial nucleus by four atomic mass units and the nuclear charge less by two units. The 
emission of an a particle can be represented by the following process [KRA88]:
where X  and X '  are the parent and the daughter nuclide respectively. The Q value is 
the net energy released in the decay due to the difference in mass/energy between the 
parent and the daughter nuclide.
The law of conservation of mass/energy gives [KRA88],
m ^ = m ^  + m ^ + Q  (2-2)
where the masses are in atomic mass units (u), expressing as 931.502 MeV/u gives the 
Q value directly in MeV.
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For example, in the case of an alpha decay of the radium isotope: + Q
from Eq. (2.2) the Q value can be expressed by:
(2.3)
where
Q = 226.025406 -  222.017574 -  4.002603 
= 0.005229 amu (atomic mass unit)
In energy units,
Q = (m  ^- -  m^)c" (2-4)
6  = 0.005229X 931MeV/amu= 4.86 MeV
The Q value is transferred to the total kinetic energy of the decay fragments and typically 
divided between the Rn and the He in a specific proportion to conserve linear momentum. 
Normally, about 98% of the Q value is given to the alpha particle, while the much
heavier nuclear fragment X '  carries the rest of the energy (only about 2%). For a typical 
Q value of 5 MeV, the final heavy particle has energy of the order of 100 keV [KRA88]. 
This energy is generally more than enough to overcome the binding energy of atoms. 
Therefore both alpha particles and the heavy fragments can be released from a radioactive 
source if it is close to the surface. For the radionuclide in one of the decay chains e.g. 
or ^^^Th, the recoiling daughter nucleus is often radioactive.
2.2.2 Beta Decay
Beta decay is the decay process that results from the conversion of a proton to neutron or 
of a neutron into a proton to maximize the binding energy and so produce the most stable 
nuclide in a given isobaric chain. There are three processes involved with beta decay, as 
follows [KRA88]:
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n - ^  p-^e~ negative beta decay (/?“ )
p ^ n  + e~ positive beta decay (/?^)
p  + e~ - ^ n  orbital electron capture { s )
2.2.2.1 /?“ decay
A beta particle, p ~, is an electron which is similar to any other electron and can not be 
physically distinguished from the atomic electrons in its structure. The beta particle has a 
single electric negative charge ( -  1.6x 10"^  ^C) and a relatively small mass compared to a 
proton or neutron (0.00055 amu) [CEM09]. Since a neutron is converted to a proton 
within the nucleus, the beta particle is emitted from the nucleus and thus the atomic 
number of the nuclide increases by one. In order to conserve angular momentum and total 
mass energy the process produces another (neutrally charged) particle, the anti-neutrino 
[KRA88]. The process can be written as,
+i> (2-5)
In the case of mono-energetic beta particle [CEM09]:
m „ = m p + m ^ + Q  (2.6)
However, beta particles are found to be emitted with a continuous distribution of energies 
ranging from zero up to the endpoint energy which can be theoretically estimated based 
on mass-energy considerations for the particular beta transition. The average energy of 
the beta radiation is about 30-40% of the maximum (‘end point’) energy for most beta 
emitters [CEM09]. As an example, the beta-particle spectrum from ^^^Bi (which is a 
member of the uranium decay chain) is shown in Figure 2-7. This has maximum (end 
point) energy for the beta particle of 1.16 MeV, but the kinetic energies of the most of the
betas are significantly smaller than the average energy o f -390 keV or about 33% of the
maximum energy [NEA40].
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Figure 2-7: beta spectrum [NEA40].
2.2.2.2 /?+ decay
The particle or positron is a beta particle which has a positive charge (+ 1.6x 10“^^ C)
and the same mass of 0.00055 amu (9.1094x 10"^^kg) as the electron. Positron emission 
is the result of the conversion of a proton to a neutron within the nucleus and it arises 
when the ratio of neutrons to protons in the nucleus is low relative to the stable isobar of 
that particular mass chain. The daughter product has one atomic number less than the 
parent and also produces a neutrino according to equation;
+ ij (2.7)
where u represents the neutrino.
Losing one proton from the nucleus also leads to another loss of an orbital electron from 
the daughter nucleus which happens rapidly after the nuclear transition. In terms of 
atomic masses, therefore the conservation equation is given by [CEM09]:
AM = + AM + + g (2 .8)
where , AM + and am^_ are the masses of the parent nucleus, daughter nucleus,
positron, and electron respectively and Q is the net energy released from the reaction.
2 0
After the positron is emitted from the nucleus, it can combine with an atomic electron and 
both the positron and electron can annihilate resulting in two gamma-rays whose energies 
are equal to the mass equivalent of those positron and electron (511 keV).
2 2 2 3  Orbital Electron Capture
Electron capture is a decay process that competes with emission. (3^ emission is 
allowed from nucleus with neutron to proton ratios lower than the stable isobar of that 
particular mass chain. The mass of the parent nucleus is larger than that of the daughter 
by at least two electron masses. If  this mass/energy requirement cannot be met, the proton 
can instead decay by the capture of orbital electron in order to create a neutron. This 
alternative decay process is known as electron capture (or K capture when the orbital 
electron is from the K-shell) and can be written schematically as [CEM09]:
Capturing electrons from the K shell is the most likely in such a mechanism since the 
electrons are much closer to the nucleus than those in any other higher angular 
momentum shell. As a result, the possibility of capturing the electron in the K shell is 
much higher than that for any other shell. The mass/energy conservation equation for K- 
shell electron capture can be expressed by [CEM09];
mp + me = m„ +Eb + Q (2.10)
where rrip and m„ are the atomic masses of the parent and the daughter respectively, m^is 
the mass of the captured electron, jE i^s the binding energy of the electron, and Qis  the 
net energy released from the reaction.
A characteristic X-ray is commonly emitted from the daughter element following the 
orbital electron capture since an electron de-excites from the outer orbit to the lower 
energy level that had been occupied by the captured electron (Figure 2-8).
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X-ray
Figure 2-8: Electron capture from the K shell followed by characteristic X-ray emission.
2.2.3 Gamma-Ray Emission
Gamma rays are electromagnetic radiation whose energies typically are in the range of 
0.1 to 10 MeV with the corresponding wavelengths between 10  ^ and 100 fm [KRA88]. 
The emission of gamma rays is caused by radiative transformations from the excited-state 
of daughter nuclides and does not effect or change the atomic number or neutron number 
of the atom. Figure 2-9 shows a gamma-ray decay scheme for ^^^Ra (in the chain) 
which involves three excited states of the daughter ^^^Rn nucleus and the emission of four 
different gamma-ray energies at 186, 262, 415, and 601 keV. There are no directly 
observed gamma transitions from the highest excited state to the lower state (601 
keV->448 keV) and from the latter state to the ground state (448 keV->0 keV) as they 
are significantly hindered by the gamma-ray selection rules to large angular momentum 
change between the initial and final states which such a transition would represent.
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Figure 2-9: Decay scheme for showing the nuclear transitions from excited levels to the ground state.
Electromagnetic transitions between /. = 1 and -  4"*" and I. = 4"^  to Ij- = 0  ^ where 1^  
and are the initial excited state and the final state angular momentum, are hindered in
their decay and would need to decay by electric octapole (B3) and electric hexadecupole 
(E4) type transitions respectively. Such decays are very hindered compared to lower- 
order multipole decays. Therefore, only the E2 (electric quadrupole) and E l (electric 
dipole) transitions play a significant role in the observed NORM gamma rays associated
with decays in the ^^^Ra nucleus.
Internal conversion is an alternative decay mechanism for excited states in nuclei and 
competes with gamma emission. The energy of an excited nuclear state is transferred to 
an atomic electron, (usually a K- or L- shell electron) which is then ejected from the 
atom. The kinetic energy, T^, of the ejected electron is equal to the difference between the 
excitation energy E  of the nucleus and the binding energy B  of the electron in its atomic 
shell according to the equation [KRA88]:
T ^ E - B (2.11)
After the internal conversion, a vacancy is left by the ejected electron in one of the deeper 
bound energy levels. As a result, characteristic X-rays are emitted when this vacancy is
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filled by an outer electron in the same atom. These characteristic X-rays may themselves 
be absorbed in the atom and then eject electrons, called Auger electrons.
2.3 The Radioactive Decay Law
Nuclides v/ith unfavourable neutron-to-proton ratios relative to the stable isobar are 
referred as “unstable”. The process that allows unstable nuclides to form isotopes which 
are more stable is called radioactive decay. As discussed in the earlier sections, such 
spontaneous nuclear transformations can occur via the emission of an a- or (3-ray (or by 
electron capture). Radioactive properties can be characterised without any influences 
from physical or chemical circumstances such as temperature, pressure, or dissolution. 
The fundamental law of radioactive decay can be written as [KRA88]:
A = - ^  = ÀN  (2.12)
where A  is the activity of a radioisotope source (i.e. the number of nuclei decaying per 
unit time)
N  is the number of radioactive nuclei
A is a constant called the disintegration or decay constant
Assuming that there are N q atoms of the parent at f = 0 and no decay products are initially 
populated, then:
N f i  = 0) = N ,  (2.13)
N2(t = 0) = N^(t = 0) = ... = 0 (2.14)
For the common case of radioactive decay, the parent nuclei only decay into a single 
radioactive daughter. The number of parent nuclei will decrease as a function of time 
given by:
dN^=-2^N,dt  (2.15)
During this time that the number of daughter nuclei can increase because of the decays of 
the parent; however if the daughter is also radioactive, it is also decreasing due to its own 
decay, i.e;
dN^ = \ N ^ d t  -  À^N^dt (2.16)
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Integrating Equation 2.15 brings about the exponential law of radioactive decay:
N{t) = N(0)e-^  (2.17)
where N{0)  is a constant number showing the number of nuclei present at f = 0.
From Eq. (2.17), the activity of the radioactive parent nuclide A(t) as a function of time is
^(f) = AV(0 = AV(0)g-^ = v4(0)g-^ (2.18)
By substituting #(^1/2) = ^ (0 ) /2  in Equation 2.17, the half-life (f^/g), after which one 
half o f the initial nuclei have decayed is given by [LILOl]
(2.19)
A A
The mean lifetime (or simply the ‘lifetime’), t, can be described as the mathematical 
mean or arithmetical average time before the nuclide decays and is equal to the reciprocal 
of the decay constant. The mean lifetime derived in terms of the half-life is given by 
[KRA88]
^ = i  = _ ^  = 1.443; (2.20)
A 0.693
A serial transformation can be generated when the daughter of a radioactive nucleus
become radioactive and decays to a third radioactive nucleus and so on.
Vj V 2 ^  V3 ^  etc. (2 .21)
For instance, the series which decays through 11 decay stages combines « an d  J3~ 
decay and ends at ^ ®^ Pb.
2.3.1 The Bateman Equations
The general equation giving the number of atoms of the isotope in the decay chain at 
time t in terms of the decay constants of all the other isotopes in the chain was developed 
by H. Bateman [BATIO]. If (0) is the number of atoms of the isotope of the series at 
time t = 0 and assuming zero concentrations of all daughters at time zero [CET06], then
V j(0) 56 0 and (0) = 0 when i > 1 (2 .22)
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and the Bateman equation takes the form:
(2.23)
Applying the Bateman equation for the second and third isotope in a series [TS095], we have
^ 2 (0  = A ^l(0)| 
and
A  (0 =  (0 =  (0)
^ ~ A )  ( A ~ K )
( ^ 2 - 4 )
—Ât -Aif . .1
( Â 2 - Â J ( A ~ Â J  { À ^ - À 2 ) { A ~ A )
(2.24)
(2.25)
(2.26)
A  (0  = A  A  (0 = A A A  A  (®)
= Â ^ A A ( 0
—Alt —AqI - y
■ +  ■
1
(A ~ A)(A ~A) (A~ AXA ~A)  (A ~A)(A ~A) ]
-(A2~Ai)t
- + ■
j-(A3-Ai)t ~]
( A~AXA~A)  ( A ~ A X A ~ A )  ( A ~ A X A - A ) j
(2.27)
The Bateman equations were used to estimate the number of the atoms and the activity 
concentrations of ^^ '^ Th and ^^ ^™Pa atoms which are the first three members of 
decay chain where zero initial concentrations of daughters were assumed. Figure 2- 
10 shows the growth curve of the ^^ "^ Th and ^ '^ '^"Pa in the as a function of time. The 
half-life of (r^^ =4.47x10^ years) is very long compared to ^^ "^ Th (r,/2 =24.10 days)
and ^'^^Pa ( t^2^ lA 7  minutes). As a result, decays at an almost constant rate i.e.
g" :^' » 1, while ^^ "^ Th and ^^ "^ "^ Pa take approximately 170 days and 10 minutes to reach 
equilibrium with their parents respectively.
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Figure 2-10: Relative activity for the first three members of decay chain as a function of time.
2.3.2 The Genealogically Ordered Exit-Only Decay (GOED) Chain
Since the Bateman equations are a solution that can be applied only to a simple decay 
chain from which there is no branching for each radioactive state, the Genealogically 
Ordered Exit-only Decay (GOED) chain is used to derive explicit solutions for solving 
radioactive decay chains under given initial-value conditions [YUA07]. In term of “exit- 
only decay chains”, there are no external sources producing a daughter nuclide into a 
chain, i.e. only a nuclide inside the system may produce a daughter nuclide. The analytic 
solution of GOED chain which is the extended version of Bateman equations can be 
classified into several cases but only three cases are discussed in the current work.
The ordinary linear differential equations of a GOED chain are identical to its decay 
constants according to the equation [YUA07] :
-At (2.28)
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= ^  Cy 4  ' , i = \,2,....m,
;=i
where C,. j are constant matrix elements determined by initial conditions 
Case I: Single-child chain
A single child chain has only one ancestor and every nuclide also has only one child. 
Therefore, the coefficient for a single-child chain can be expressed by [YUA07]:
= C . TT ■ for j  < i, i = 2,3,..., m (2.29)
where nuclide i is a child of nuclide J  for 1 < J < i
Case II: Dominant-child chain
A dominant-child chain is a GOED chain that has only one ancestor while the nuclides in 
the chain (except the ancestor) have more than one child but only one dominant child is 
kept in the chain. The coefficient for a dominant-child chain can be expressed by 
[YUA07]:
C,,  = C j j t [ ^ p A  for j < i ,  i = 2 X - . m  (2.30)
In this case, the branching factor p  is under the following conditions:
0 < /o, ,.+1 < 1 for i - 1,2,...,m - \  
p. j = 0 for j ^ i  + l
Case III: Simple multi-parent converging chain
A simple multi-parent converging chain is a GOED chain which multiple nuclide parents 
decay to only one single child [YUA07]:
J < i ,  i = \ X - , m - \  (2.31)
A  ~  A=y
Q.i = -^ 7,0 ~ ^ i.0>  ^~ 1 ,2 , . . . , - 1  (2.32)
M
2 M-l
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J?n—l
j  < m
^m,m ^m,0 ^in,0 j ^
7=1 ;= 1
(2.33)
(2.34)
m ]
In this case, the branching factors are:
Pi ,m > ^  for z =  l , 2 , . . . , m - l
p.   ^ =  0 for j
The GOED formulae were used to solve the decay chain (Figure 2-11) which
can be divided into three small decay chains; (i) a single-child chain 
^238u^234^_^234mp^^^ (Ü) a dominant-cWld chain from the decay of to ^^ '^ Pa and
234U, and (iii) a simple multi-parent converging chain from the decay of ^ "^^ ""Pa and ^^Ta234 t
Ib' decavl
b.16% IT decavl
IB'decav I
(24.10 d)
;;pa(6.7oh)
Figure 2-11: The decay chain.
The U Decay Chain can be considered as two parallel chains as follows:
p ,  4 - 0 .0 0 1 3  234^ 
= 0.9987
For the first three radionuclides, the coefficients for a single-child chain can be expressed 
by [YUA07]:
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C,., = iV,,o, (2-35)
Q ,2 = ^2 .0 -Q ,l,
c  =C _____ 6 6 ____________________________   (2.38)
= (2.39)
Q.3 = & 0  -  Q,1 -  Q.2
For nuclide 4 (^'^Pa), the coefficient for a dominant-child decay chain can be described 
by [YUA07].
A^ 2^ P3,4_____  (2.41)
r  = r  ___  (2.42)
r  = C  (2.43)
Q . 4  =  ^ 4 .0  -  Q , 1  -  Q . 2  -  Q , 3
For nuclide 5 (^"^U), the coefficients can be determined from accumulations from the first 
route as following:
_______ A^ 2^ &^ 3,4_______  (2.45)
( ^  -  A )(^  -  A)(&  "  A)(^5 "  
r i  _ r    (2,46)
r' = r  -^ 4^^ 3.4 (2.47)
r '  - C  - A   (2.48)
C],5 = -(Cj,, -  c; 2 -  Cj 3 -  c; J  (2.49)
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For nuclide 5 the coefficients can be determined from accumulations from the
second route as following:
= C  M 2 ^ P s,5_______ (2.50)
(^2 “  A )(^  “ ~ ^ 2)
=C. ____ (2.51)
( 2 « )
C; ; = -(C ; 1 + C; ; + C; 3) (2.53)
Combining from these two routes yield the following coefficients:
Q., = < .  + < : ,  (2.54)
Q,2=Cj,2 + C;_2, (2-35)
Cs, = C l  + C l ,  (2.56)
q ,4 = < 4  (2.57)
Q,5 = iV5.o + C‘5 + Q .^5, (2.58)
The radioactive properties of the radionuclides in the decay chain used to
calculate the decay coefficients are summarized in Table 2-5. At time t=0, the number of 
the daughter products is assumed to be zero, thus the growth curves of^^^^Th,
^ '^^ Pa and in using the decay coefficients as mentioned above can be plotted in 
Figure 2-12.
Table 2-5 The isotopic characteristic of the decay chain.
No. Nuclide Half-life Decay constant 
(day')
Branching ratio
Puj
Initial value
^i,0
1 4.468 X10’ yr 4.25x10-" P\,2 -  1 ■^ 1.0
2 .'^ "brh 24.10 days 2.876x10-^ Pl.'i -  1 ^2.0
3 234mpa 1.175 min 8.496x10^ /c>3 4 = 0.0013, ■^3,0
/93_,= 0.9987
4 6.75 h 2.467 P4,5=l ■Yt.o
5 234u 2.45xl0^yr 7.753x10"’ 5^,0
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Figure 2-12; Radioactive growth curves for the decay chain as a function of time.
The growth curves created by the use of GOED formulae are identical to that by the 
Bateman equations where the initial values are set to be zero. The exit-only decay chain 
also covers Bateman’s original case including under given initial conditions and other 
common branching cases. As the decay GOED chains can be divided into a number of 
smaller decay chains, it is much easier to handle and solve the radioactive decay chains.
2.4 Radioactive Equilibrium
The quantitative relationship among the various members of the series is associated with 
the half-life of the parent and its daughter. The activity of radionuclides in radioactive 
decay chains that will be present at each stage can be estimated by understanding the 
“equilibrium conditions”. Radioactive equilibrium can be classified into three particular 
cases as follows:
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Figure 2-13: No equilibrium.
When with half-life of 5.013 days decays to ^^^Po with half-life of 138.37 days in 
the uranium series, the half-life of the parent is less than that of the daughter. In this case 
there is no equilibrium. Figure 2-13 shows that the activity of the decay product reaches a 
maximum at a finite time and then gradually declines while the parent decays away. The 
ratio of parent and daughter activities can be determined from Eq. (2.59).
2.4.2 Transient equilibrium
I Total act vityo
4
<
é
V
I
I
For Xjj > Xp or (h/2)z) (^ 1/2)?
(ti/2=10.64 h)—► ^^ ^Bi (ti/2=60.55 m)
A■D_ -  
P
Xr
Xp^  Xp
(2.60)
Figure 2-14: Transient equilibrium.
For instance, ^^^Pb with half-life of 10.64 hours decays to ^^^Bi with a half-life of 60.55 
minutes in the thorium series, i.e. the parent half-life is slightly longer than that of the 
daughter. The daughter activity rises to a maximum, and after the equilibrium is 
approached, the rate of decay of the daughter is at the same rate as it is being formed. The 
activity of the daughter nuclide becomes greater than that of the parent (see Figure 2-14). 
The relationship between the parent and daughter activities is estimated by Eq. (2.60).
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2.4.3 Secular equilibrium
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Figure 2-15: Secular equilibrium.
In cases where the half-life of the parent is much longer than any of the daughter nuclides 
in the chain, the equilibrium state is referred as secular equilibrium. From Figure 2-15, 
^^^Ra with a half-life of 1600 years decays to ^^Rn with a half-life of 3.82 days (from the 
uranium series). The daughter decays much more rapidly than the mother and according 
to a standard ‘rule of thumb’, it takes about 7 half lives of the daughter to obtain near 
equilibrium with its parent. At this point, the daughter activity approximated to the same 
as its parent activity [TRA07]. This phenomenon normally occurs in long lived 
primordial radionuclides decay chains i.e. and ^^^Th. When the growth and decay 
rates of each radionuclide in the decay chain are equal, radioactive equilibrium has been 
established in the whole chain. As a result, in the current research secular equilibrium is 
considered to be present. Therefore, if the activity of one radionuclide in a decay chain 
can be measured, then the same activity can be assigned to the radionuclides in that chain 
if equilibrium is assumed.
2.5 Gamma-ray Spectroscopy with Germanium Detectors
A gamma-ray spectrometer is a non-destructive instrument that provides information on 
both the energy and intensity of radiation that is emitted from y -ray (or energetic X-ray) 
sources. The detectors widely used with gamma-ray measurements are Nal(Tl) 
scintillators, high-purity Ge and Si(Li) semiconductor detectors. In comparison to Nal(Tl) 
scintillation detectors, germanium detectors have a better ability to resolve the energy 
with a typical energy resolution of a few tenths of a percent compared with 5-10% for
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sodium iodide [KNOOO]. For this reason, the full-energy peaks obtained from the sodium 
iodide detector may have an interference from other transitions. A system which uses 
germanium is better able to distinguish precisely between the different, discrete y -ray 
energy peaks within a full spectrum. Hence, the use of germanium detector becomes more 
technically suitable when analysing complicated gamma-ray spectra with potentially 
hundreds of different full energy peaks.
Semiconductor detectors are solid-state devices characterised by bands of energy 
states in a crystal of the material from which they have been made such as silicon or 
germanium. In general, these energy bands in semiconductors are divided into two 
distinct groups, namely the valence and conduction bands. The valence band is occupied 
by electrons binding to specific lattice sites, whereas in the conduction band the electrons 
are capable of moving through the crystal. The conduction bands have higher energy than 
the valence bands and these are separated by a band gap where no electron energies are 
allowed. The width of the band gap classifies a material into three types, depending on 
their electrical conductivity i.e. insulators, conductors, and semiconductors. In an 
insulator, the band gap is relative large (about > 5 eV) meaning that no electrons excite 
across the gap, whereas for semiconductors the size of energy gap is smaller (~1 eV) and 
thus the electrons that gain enough energy (for example from thermal excitations) can 
pass over the band gap to the conduction band [GILO8] (see Figure 2-16).
Conduction band
i i
E„ ~ 1 eV for
Donor levels
semiconductors
Deep impurity levels 
Acceptor levels
r
Valence band
Figure 2-16: Schematic diagram of the band structure in semiconductor [ELE08].
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There are two types of semiconductor to be considered; p-type and n-type, based 
on its having either the high concentration of electrons or holes respectively. P -type or 
positive semiconductors can accept electrons since they have an excess of holes. The 
solid materials from which p-type semiconductors are made contain three valence 
electrons which is one less than the semiconductor atoms such as boron, aluminum, 
gallium or indium. In contrast, for M-type or negative semiconducting material, the 
impurities have five valence electrons, one more than the Ge semiconductor atoms (such 
as phosphorus, arsenic and antimony). Since these types of semiconductor have an excess 
of electrons, they act as a donor (see Figure 2-17). A p-n junction can be created by 
joining an n-type and a p-type semiconductor together. The region where the excess holes 
meet with the excess electrons and have been cancelled out is called the depletion zone 
(see Figure 2-17). When the voltage is applied in the reverse bias direction (the n region 
is connected to the positive terminal and the p  region to the negative terminal) to a p-n 
junction, there will be no current flow because a very high resistivity is created (minority 
carriers crossing the junction) and therefore its leakage current is very small.
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Figure 2-17: N-type, p-type and p-n junction in semiconductor [ELE08].
When a photon interacts in the crystal, bound electrons are excited to the 
conduction band and if the energy is sufficient to create the cascade of electrons, many 
electron-hole pairs will be produced and migrate to their respective electrodes of the 
device. The average energy needed to create one electron-hole pair is about 3 eV for 
germanium and 3.6 eV for silicon [FRI81]. An external electric field of about 1000 Volts 
per centimetre of the detector thickness is applied to collect these charges [KNOOO]. The
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optimum bias voltage is normally specified by manufacturers for each detector. 
Otherwise, applying relatively low voltages leads to poor performances for charge 
collection and peak shape configuration whereas very high voltage can cause a voltage 
breakdown. The resultant charges are then integrated by a charge sensitive preamplifier 
and converted to a voltage pulse with amplitude proportional to the original photon 
energy deposited in the crystal. Since the thickness of the depletion layer is inversely 
proportional to the impurity concentration which resulting in recombining or trapping of 
electrons and holes, large volumes of extremely high-purity material are desired for 
obtaining high efficiency when irradiated with high energy photons.
In 1962, a construction of semiconductor detectors was developed by infusing 
lithium ions on one surface of the p-type material known as germanium lithium-drifted 
(Ge(Li)) detector and silicon lithium-drifted (Si(Li)) detector [DEB88]. These lithium 
ions compensate for impurity atoms during the production of n- and p-type 
semiconductors. Ge(Li) detectors have now been widely replaced by high-purity 
germanium (HPGe) detectors due to an advance techniques of refining Ge crystals. These 
detectors can have an impurity concentration as low as 10^  ^atoms/cm^ [KNOOO] allowing 
storage at room temperature. However, due to the relatively small band gap for 
germanium (~ 0.7 eV) thermal excitation of electrons across the band gap can produce a 
significant electrical noise background [GIL08]. Therefore, the use of liquid nitrogen as a 
refrigerant (the boiling temperature of liquid nitrogen at 77 K or -200 °C) is required for 
the high-purity germanium detectors operation. [KNOOO].
2.6 Gamma-ray Interactions
Gamma rays can be defined as an electromagnetic radiation with both particle and wave­
like characteristics, travelling with the speed of light and having no charge. Often, y-rays 
are produced after a and p decays that leave an excited nucleus behind. These excited 
states decay rapidly to the nuclear ground state following the emission of one or more y- 
rays. The photon energies for gamma rays are typically in the range o f -100 keV to -10  
MeV [KNOOO]. There are three main fundamental mechanisms which describe the 
interaction of photons with matter. These processes are energy dependent:
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• The photoelectric effect, where the primary photon energy is completely 
absorbed after undergoing an interaction with a tightly bound atomic electron
• Compton scattering, where the photon interacts with a weakly bound atomic 
electron and only part of the energy of the photon is transferred to this 
electron;
• Pair production in which the incoming photon has high enough energy (1.022 
MeV) to create an electron-position pair in the Coulomb field
The photoelectric process is predominantly observed at low energy, i.e., below 50 
keV for silicon and below 150 keV for germanium [VETO?]. In the mid-energy range, 
between several hundred keV and about 30 MeV for silicon and between 0.15 and 8 
MeV for germanium, the main interaction likely contribute to the attenuation coefficient 
comes from Compton scattering. At higher energies, pair production becomes the most 
significant process. The dominant processes of gamma rays interacting with Ge and Si are 
shown in Figure 2.18. The mass attenuation coefficient in germanium due to photoelectric 
absorption, Compton scattering and pair production as a function of gamma-ray energy is 
illustrated in Figure 2.19. A sharp rise at low energy in the curve corresponds to the K 
absorption edge equal to the binding energy of the K-shell electron (11.1 keV for 
germanium [G1L08]). L-edges also can be seen at lower energies.
120^
 ^ Photoelectric effect 
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production
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100
— Si
100001
Energy/MeV
Figure 2-18: Three importances of gamma-ray interaction processes [SAK94].
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Figure 2-19: Mass attenuation coefficient of germanium and its component parts [LER09].
2.6.1 Photoelectric Effect
In the photoelectric process, the incident photon is completely absorbed after undergoing 
an interaction with an atom and all of its energy is transferred to a bound electron. The 
electron is ejected with energy E equal to the difference between the photon energy,
and the binding energy, E^of the electron (Figure 2-20(a)). The kinetic energy of the 
electron after leaving the atom is given by:
(2.62)
A vacancy is created after the ejection of the photoelectron and quickly filled by an 
electron from one of the other atomic shells, followed by the emission of a characteristic 
X-ray or Auger electrons (Figure 2-20(b)). Further re-absorption from photoelectric 
processes continues until ideally, all of the energy of the gamma ray is absorbed within 
the detector, which contributes to the total energy peak.
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Figure 2-20: (a) The mechanism of photoelectric absorption, and (b) the emission of fluorescent X-ray [GIL08].
The energy level from which the atomic electron is ejected depends upon the energy of 
the incoming gamma ray. The ejection of electrons primarily take place in the K shell but 
if the energy is not sufficient enough to eject the K electron, then electrons in the L or M 
shell will be ejected instead. The probability of photoelectric absorption, r , can be 
expressed by a rough approximation over all ranges of the atomic number ( Z ) of the 
absorber material and photon energy ), according to [KNOOO]:
Z ” where n = 4-5 depending on the energy (2.63)r  oc
E 3.5
Normally, the gamma-ray energy is assumed to be completely absorbed in the 
photoelectric effect. Nevertheless, for the case of those events which undergo interactions 
near the surface of the detector, there are some florescent (K) X-rays that can escape from 
the detector volume. The net energy absorbed in the detector would then be [GIL08]:
(2.64)
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where is the energy of the X-ray of the detector material. This process is known 
as X-ray escape.
2.6.2 Compton Scattering
In the Compton effect, an incident gamma-ray photon interacts with an electron in the 
absorbing material and transfers a portion of its energy to the electron. This results in a 
Compton scattered photon with energy -  h v  and a so called Compton (recoil) electron 
with energy . The energy distribution depends on the angle 6  between the direction of
the original photon and the scattered one (Figure 2-21). The energy difference between 
the incident and scattered photon is transferred to the electron as kinetic energy.
recoil electron
Y ray
Scattered y  -ray
Figure 2-21: The mechanism of Compton scattering fGILOS).
From conservation of total mass-energy and linear momentum, for a single Compton 
scattered event, [KNOOO]:
E ^ = E ^ - E ^  (2.65)
where
E, = --------------------------------------------------------   (2.66)
1 + — ^ (1 -c o s ^ )
Using Eq. 2.65 and 2.66, the kinetic energy of the electron is therefore given by
E. = (2.67)
m^c + E  (l-cos6 ')
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where is the incident -ray energy 
is the scattered /-ray  energy 
0  is the angle of the scattered photon that respect to the direction of the incident photon 
E^ is the kinetic energy of the electron; the rest mass of the electron, moc^ =0.511 
MeV [THE96]
In normal circumstances, all scattering angles may be observed in the detector. 
Therefore, the recoil electron energy can range from 0 for ^=0° to 2E^ lim^c^ + 2E^)fbr
a scattering angle of ^=180°. The minimum energy of recoil electron is zero which 
means that there is no energy transferred to the detector while the maximum value is 
obtained when photon is backscattered. Figure 2-22 shows an idealised schematic 
diagram for a single interaction of the continuum of energies corresponding to Compton 
scattered electrons known as the Compton continuum, which range from zero up to the 
maximum, which is called the Compton edge. In this schematic diagram, the incident 
gamma ray does not have a high enough energy (>1.022 MeV) to allow pair production 
occur. As a result, this schematic spectrum only shows the effects of Compton scattering 
and photoelectric absorption. The narrow peak represents the photoelectric absorption 
designated as the flill-energy peak. The probability of Compton scattering depends mainly 
on the number of electrons per atom of the interacting matter. The Klein and Nishina 
equation describes the differential scattering cross section, dcrldO. for photon scattering 
from electrons at an angled [KRAS8]:
1 +  1 (2.68)
(1 + COS ^  ^)[1 + cr (1 -  cos 0)\ J
where a  is the photon energy in units of the electron rest energy ( a  = E^ / mc^ )
Tq is the classical electron radius = I^ns^mc^ = 2.818 fm) 
ifQ is the solid angle increment in Steradians
dcr 2 1 T 1 + cos^]
dQ. 1+ <%(!-COS ^ ) j L 2
42
Full-energy
peak'Compton edge'
Compton continuum
h v E
Figure 2-22: Schematic diagram of the energy transferred to an absorber by single Compton 
scattering and photoelectric absorption for a monoenergetic gamma-ray source [GIL08].
2.6.3 Pair Production
At higher gamma-ray energies (>4 MeV) pair production becomes increasingly 
significant. This interaction process takes place when the incoming photon has an energy 
greater than twice the electron rest mass, i.e.., 2moC^= 1.022 MeV [KNOOO]. As a result 
of the interaction, the photon converts in the nuclear Coulomb field to an electron- 
positron pair. The incident gamma-ray energy can be split into positron and electron 
kinetic energies according to the following expression:
E , = 2moc' + -b E T  ( E > 1.022 MeV) (2.69)
electron
incident y ray
positron
2 annihilation photons (511 keV)
Figure 2-23: The mechanism of pair production [GIL08].
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The positron will be slowed down in the absorbing medium and interact with an atomic 
electron and subsequently annihilate. Two photons with energies of 0.511 MeV are 
produced and emitted in opposite directions to conserve linear momentum (see Figure 2- 
23). The probability of pair production depends on [DEB88]. The original pair 
production interaction and the annihilation radiations are in virtual coincidence because 
the time required for the positron to slow down prior to annihilation is only o f the order of 
1 ns [GILO8]. For a standard size of detector, the electron and positron kinetic energies 
are typically fully deposited whereas the annihilation photons may either escape the 
detector volume, or undergo further interactions within the detector. These additional 
interactions may lead to either partial or complete energy absorption of the residual 
gamma-ray energy. When one of the two annihilation gamma rays escapes from the 
detector volume without further interaction, 0.511 MeV will be lost from the detector. 
Therefore, a separate peak will present in the spectrum with an energy level of E^- 0.511
MeV, called the single-escape peak, where E^ is the gamma-ray energy characterised by
the full-energy peak. If both of annihilation gamma rays escape from the detector without 
interaction, this contributes to the double escape peak at the energy level of E^ -1.02 MeV 
[ELB03].
2.7 Gamma-Ray Attenuation
The term “attenuation” describes the process by which photons are removed from a 
“pencil photon beam” through a defined thickness of material [DEB88]. The attenuation 
o f heavy particles in the material is different from that of gamma radiation. The specific 
energy loss or the stopping power of a uniform medium for heavy charged particles i.e. 
protons, alpha, heavy ions as can be described by the Bethe-Bloch formula [LILOl]:
dx
ze AnZpN
(2.70)
where ^  = v/c = speed of the particle relative to c , 
E  -energy of the particle,
%-distance travelled by the particle.
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e -magnitude of the electron charge,
V -velocity of the particle, 
c-speed of light,
/Mg -rest mass of the electron, 
n -electron density of the absorber,
/  -average excitation and ionisation potential of the absorber, 
z -atomic number of the particle, 
gg -vacuum permittivity,
A -atomic mass number,
Z -atomic number, 
p  -density of stopping material,
TV^-Avogardro’s number 
Figure 2-24 shows the stopping power of air in MeV cm'^ for an alpha particle of 5.49 
MeV versus the distance of penetration. As the particle loses energy, the stopping power 
increases with distance travelled until it reaches a maximum (the Bragg peak) close to the 
end of the path, after which it drops abruptly to zero as the particle comes to rest [LILOl].
Energy Loss of Alphas of 5.49 MeV in Air 
(Stopping Power of Air for Alphas of 5 49 MeV)
Ql
Û.
0 2 3 4
Path Length [cm]
Figure 2-24: Stopping power of air for an alpha particle as a function of distance travelled.
For gamma radiation, increasing the thickness of the absorber only give a higher 
probability of the loss of gamma radiation through the interaction processes (i.e. by either
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absorption or scattering). For a well defined geometry, (e.g. Figure 2-25) the gamma-rays 
can be collimated into a narrow beam passing through the various absorber thicknesses 
before they strike a detector. An exponential fall off with distance results from the 
gamma-ray attenuation as also shown in Figure 2-25. The basic attenuation of photons in 
matter is described by Beers law which states [KNOOO]:
In /  — —jLit + In 7q
Taking the inverse logs of both sides of Eq. (2.70), we have.
where I  = transmitted photon intensity,
/ q = incident photon intensity,
e = base of the natural logarithm system 
^  = the linear attenuation coefficient, and 
t= thickness of the absorber material.
CZ.71)
CT72)
Collimator Absorber
,-t^t
Detector
t
Figure 2-25: Schematic diagram of the exponential transmission curve for gamma rays measured 
under well-defined geometric conditions [KNOOO].
The attenuation coefficient is defined as the fractional decrease or attenuation o f the 
gamma-ray beam intensity per unit thickness of absorber as defined by equation below 
[CEM09]:
(2.73).. A//7lim— — - - j j . ,
where AI/ I  is the fraction of the gamma-ray beam attenuated by an absorber of thickness At
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The total probability per unit length (e.g., cm'^) for removal of a photon is called the total 
linear attenuation coefficient ii^ and is determined by the sum of respective probabilities
for photoelectric absorption, Compton scattering and pair production. If  the absorber 
thickness is measured in units of g/cm^, then the absorber coefficient is called the mass 
attenuation coefficient^^. The numerical relationship between //^and^^ in a material
which has density of p  (g/cm^), is given by [CEM09]:
f  2 \  \
Pi{crn^) = p„
cm
\  S
(2.74)
In terms of the mass attenuation coefficient, the attenuation law for gamma rays takes the form: 
7 = or 7 = (2.75)
where p t  is the mass thickness of the absorber in units of g/cm^.
In radiation measurements, the mass attenuation coefficient is more usually used rather 
than the linear attenuation coefficient..
For low-level radioactivity measurements, an environmental sample is usually prepared in 
a significant volume which may give rise to significant gamma-ray attenuation within the 
sample volume itself. This effect depends on several factors such as the gamma-ray 
energy, the geometry and the type/density of the samples. In order to achieve a 
statistically significant analysis when measuring environmental samples, a correction 
factor needs to be added for self-attenuation. This can have values up to tens of percent 
for gamma-ray energies below 200 keV. By restricting the sample size and concentrating 
on gamma-ray energies above 200 keV, the extent of self-attenuation effects can be 
minimised [SAT84, QUI06].
2.8 Detection Limits
2.8.1 Critical Level Limit (Z^  )
A critical level ( Z J  is set to be the activity level used to compare with the net counts 
resulting from the unknown sample. If the net counts are less thanZ^, it is concluded that the 
sample does not contain any measureable activity; altematively if the net counts exceed Z^, it
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is assumed that some real “excess” activity is present [CUR68]. The critical level, L^, is 
calculated using the expression,
= 1.645cr^^ (95% confidence limit) (2.76)
where = the standard deviation (or uncertainty) o f the net background count
The standard deviation of the net signal is derived from [CUR68]:
where represents the variance of the unknown sample and cr represents the variance 
of the blank. If there is no activity present in the sample, then =ctn^  therefore [KNOOO]:
(2.78)
If  the significant fluctuations in the measurements only arise from counting statistics, then 
c7n = and the critical limit is given by:
4  = 1.6457(2o-^,)=2.32&7„, (2.79)
where cr» = the standard deviation of counts in the blank sample
2.8.2 Lower Limit of Detection (LLD)
The lower limit of detection (LLD) or the detection limit (Ld) can be defined as the 
minimum number of net counts that give confidence of detecting a real radiation source 
based on consideration of the uncertainties (“error”) for both alpha and beta type errors. 
An alpha error refers to an error of saying that there is activity in the sample when in fact 
there is none; this is often also called a “false positive”. By contrast, a beta error refers to 
an error of saying that there is no activity when there is actual activity present, which is 
called false negative. For a 5% value of the alpha and beta errors (i.e. false positive and 
false negative 5 times out of 100), if the sample and background counting times are equal, 
the LLD is given by [KNOOO]:
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LLD = (4.653 x c r^ J  + 2.706 (2.80)
2.8.3 Minimum Detectable Activity (MDA)
In gamma spectrometry, the minimum detection limit refers to the minimum detectable 
activity (MDA) which describes the smallest amount of radioactivity that can be measured 
with a certain degree of confidence. The MDA depends on various factors such as the sample 
composition, the energy of the radiation, the source-detector distance, the detector efficiency, 
the background radiation level and the time available for the measurements [DEB 8 8]. The 
definition of MDA was first introduced by Currie and it is based on a binary (yes or no) 
decision as to whether a given sample contains activity [CUR68].
To convert the LLD  in counts to a minimum detectable activity (MDA), additional 
factors of photon emission probability per disintegration of the selected gamma line ( / )  
and absolute efficiency (g) must be taken into account [CUR68]:
4 . 6 5 3 . . . ( 2 . 8 1 )
f i r
where T  is the counting time per sample.
The minimum detectable activity per mass of the samples can be calculated from:
4'653<TAr, + 2.70() (2.82)
jm s T
where m is the mass of the sample in kg.
Equations 2.80 and 2.81 can be used only if  the counting times for the blank are the same 
as that of the sample. In the condition where both are different, the following equations 
must be used [CEM09]:
ZID = 3.29 j % ( l  + %  +2.706 (2.83)
h
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3.29 L ( l  + %  + 2.706
MDA =  Ï ^--------------------------------------------  (2.84)
AT"
where is the background counting rate 
is the sample counting rate 
is the background counting time 
/g is the sample counting time
2.9 Specific Activity Concentration
The activity concentration, A  ^ for radionuclides in a measured sample is calculated using 
the relation [DOV04]:
A = -------------------------------------------------------    (2.85)
rft^mK,K,K,K,K,
where N  is the corrected net peak area of the corresponding photopeak given by
N = N s - ^ N t  (2.86)
h
Ng is the net peak area in the sample spectrum,
is the corresponding net peak area in the background spectrum, 
s  is the absolute detection efficiency at photopeak energy, 
is the live time of the sample spectrum collection, in seconds,
is the live time of the background spectrum collection, in seconds, 
m  is the mass of the measured sample, in kg,
f  is the emission probability of the gamma line corresponding to the peak energy,
is the correction factor for the nuclide decay from the time the sample was collected 
to the start of the measurement, given by [DOV04]:
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Kj = exp
r \
ln2- At (2.87)
where At is the elapsed time from when the sample was taken to the beginning o f the 
measurement and T y  is the radionuclide half life.
is the correction factor for the nuclide decaying during counting period, given by 
[DOV04]
ln2- Z
1-exp
r w
ln2- r.
CL88)
JJ
where t^ is the elapsed (real clock) time during the measurement.
is the correction factor for a self-attenuation in the measured sample compared with 
the calibration sample [EGG99]:
1-g-^" CL89)
jJX
where % is the thickness of the measured sample and ji is the photon linear attenuation 
coefficient for the y-ray energy o f interest.
I f  the matrix of materials which contains both the calibration sample and the measured 
sample are the same, then = 1 [DOV04].
If  more than one photon is absorbed by the detector during a pulse sampling cycle, the 
sum of the energies of two (or more) is recorded in the spectrum instead of two (or more) 
individual signals. Any full-energy photon that is summed with another pulse is not 
recorded in the single photon peak and represents a loss of counts or efficiency. This loss 
is count rate dependent.
is the correction factor for pulses loss due to random summing, where
X , =exp(-27{T) (2.90)
where T is the resolution time of the measurement system and R  is the mean count rate. 
For low count rates (i.e. <100 Hz) this correction factor can be taken as 1.
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is the coincidence correction factor for those nuclides decaying through a cascade of 
successive photon emissions. If  the photon decay is a single step cascade, then K^ = 
Also if  the efficiency calibration sample and measured sample contain the same nuclide 
(e.g. or^^Ra), then K ,=  \.
j .  tA L l. (2,91)
s(£ )
where = the corresponding apparent efficiency at the specific energy,
s{E )  =the full energy peak efficiency at the specific energy
2.10 External Gamma Dose Rate
Humans have exposure to gamma radiation everyday of their life directly from all soils 
and sands. Radioactivity from terrestrial radionuclides is normally present at trace 
amounts. Higher radiation levels can be found in igneous rock, phosphate sedimentary 
rocks, dark shale and metamorphic rocks derived from these [UNSCEAROO]. It can be 
noted that the specific levels of radioactivity depend on the types of rock from which the 
soils or sands originated. The decay products from the and ^^^Th series, plus play 
a major role in the external sources due to NORM radiation on the human body. The total 
absorbed gamma dose rate due to the naturally-occurring radionuclides ^^^Ra, ^^^Th and 
can be calculated from the specific activity of each radionuclide. The biological 
effects on humans from such external and internal irradiation are described in the next 
section.
2.10.1 Dose Rate Calculation
The gamma dose rate {D) in nGy.h“  ^ in the outdoor air is calculated using the following 
equation reported by [UNSCEAROO]:
D = 0.462^^ + 0.604/1^ + 0.0417vl^ (2.92)
where D is the dose rate in nGy.h”  ^and^Ra, ^xh, and are the specific activities in Bq. 
kg'^of^^^Ra, ^^^Th and"^°K, respectively.
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2.10.2 Hazard Indices Calculation
The radium equivalent activity, Raeq, can be expressed as [BER95]:
+ (4% X 1.43) + X 0.077) (2.93)
where ÂRa, Ajh, and A r are the specific activities (in Bq.kg"^) of ^^Ra, ^^^Th and 
respectively. This calculation is based on the assumption that 370 Bq.kg”  ^of^^^Ra or 259 
Bq.kg“  ^ of ^^^Th or 4,810 Bq.kg"^ of produces the same gamma dose rate. The 
maximum radium-equivalent activity is 370 Bq.kg"\
The external hazard index, ZTex, is defined by [BER95]:
H  = A » +  (2.94)
“  370 259 4810
where ^ Ra, ^ih, and A r  are the specific activities (Bq.kg” )^ of^^Ra, ^^^Th and
respectively. The value of this index must be less than unity in order to keep the radiation
hazard insignificant. A value of ZTex equal to unity corresponds to the upper limit of
radium equivalent activity (370 Bq.kg"^) [SAK94].
The internal hazard index, TZn, is defined by [BER95]:
H. = + + (2.95)
185 259 4810
where A r^ , A t ,^ and A r  are the specific activities (Bq.kg"^) of ^^Ra, ^^^Th and 
respectively. The internal hazard index should be less than unity if the radiation hazard 
from internal exposure to radon and its daughter products in human body are to be 
considered as safe.
2.10.3 Annual Effective Dose Calculation
The annual effective dose can be calculated by the following equation [DOV04, ONJ06]:
. . . . . .  , r, K 10  ^Gy h day 10 ^ mGy Sv
Annual effective dose (mSv.y ) = D { -------------- ) x  24— x  365— x    x  0.7— x 0.2
A y lo'^Gy Gy
= D x 1.23X\Q-^mSv.y-^ (2.96)
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where the conversion factor from the absorbed dose rate in air to the effective dose 
received by adults is 0.7 Sv.Gy“  ^ [UNSCEAROO]. This assumes on outdoor occupancy 
factor of 20%, this being the average worldwide reported in [UNSCEAR93].
2.11 Biological Assessment
The biological severity on humans varies with the type of radiation, the depth of 
deposition within organic tissue and the composition of the absorbing material. Therefore, 
living organisms will not necessarily experience the same biological effect, even if the 
same amount of energy is deposited. The more complex the organ cell structure, the 
higher its sensitivity to radiation. A quantitative measure of radiation energy absorption is 
known as the “dose”. In the SI system, the unit of dose is the gray (Gy) which is defined 
as 1 J.kg'^ resulting in a unit of energy absorbed from ionising radiation per kilogram of 
matter [FRI81].
One exposure unit (X) is described as that quantity of X- or gamma radiation that 
generates ions containing one Coulomb of charge per kilogram in air. The exposure unit 
can be converted to the units of energy absorption per unit mass of air (i.e. air dose) by 
using the fact that (i) the charge on a single ion is 1.6x 10'^  ^C and (ii) the average energy 
dissipated in the production of a single ion pair in air is 33.8 eV. Therefore,
1 X unit = 1— ûf/rx —x33.8— xl.6x l0~ ^^-^x  1—^  (2.97)
Ag 1.6xlQ-^^C lOM eU .V
= 33.8 Gy (in air)
Thus, a gamma-ray exposure of 1 Coulomb/kilogram equals to 33.8 joules/kilogram, or 
33.8 Gy [KNOOO]. The energy deposition in air can be converted to the absorbed dose in 
organic tissue by considering the electronic density of the absorber. For example, a tissue 
have a specific gravity of 1 and have an elementary composition of 5.98x 10^hydrogen 
atoms per gram, 2.75x10^ oxygen atoms per gram, 0.172x10^nitrogen atoms per gram, 
and 6.02X 10^'carbon atoms per gram, then the electronic density is 3.28x 10^^electrons 
per gram. For air, whose density is 1.293x lO'^g/cm^, the electronic density is
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3.01x10^^ electrons/gram. Therefore, the energy absorption in J/kg of tissue subjecting to 
an exposure of 1 C/kg air is [CEM09];
^ ^ x  33.S— air = 31— tissue (2.98)
3.01 kg kg
As a result, the energy absorbed in the air does not give the same dose rate when 
absorbing in the living tissue.
2.11.1 Biological Effective Dose,
Since the probabilities for the damage to the cell are dissimilar for different types of 
radiation. Radiation weighing factors, have been recommended to account for this 
(see Table 2-6). The biologically effective dose 77  ^can then be calculated by using 
equation [ICRP06].
= (2-99)
R R
where Dj. ^ is the absorbed dose in the units of gray (Gy) average over the tissue organ 
T , due to radiation R .  77  ^is the total effective dose given by a sum over all radiation 
types irradiating the target, and has units of sieverts (Sv).
Table 2-6 Radiation weighting factors, for various radiations [ICRP2006].
Radiation Weighing factor
^ R
Photons (X, gamma, beta-all energies) 1
Electrons and muons 1
Protons and charged pions 2
Alpha particles, fission fragments, heavy ions 20
Neutrons A continuous function o f neutron energy as:
+ , E „ < l M e V
< + , I M e V  <  E „  <  5 0 M e V
^  2.5 + , E „ > 5 0 M e V
All values relate to the radiation ineident on the body or, for internal radiation sources, emitted from the source.
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2.11.2 Effective Equivalent Dose
It is not only the type of radiation which results in different levels of biological effect in 
human tissue but also the differing composition of the different cell types and their 
radiation sensitivities. Thereby, a tissue weighing factor is also introduced to explain the 
variation of sensitivities of different types o f cells for different radiation. The effective 
equivalent dose which is the sum of the weighted equivalent doses in all tissues is 
estimated by Eq. (2.100)
=  (2-100)
where W-^  is the tissue weighting factor for tissue, T  and with
The most recent values for Wj. that have been recommend by the ICRP for different
tissues are given in Table 2-7.
Table 2-7 Tissue weighing factors, W j .  a n d ^ ^ W j -  for different organs [ICRP06].
Tissue w .
Gonads 0.08 0.08
Lung, B one-marrow. Stomach, Colon, 0.12 0.72
Breast, Remainder Tissues*
Thyroid, Liver, Oesophagus, Bladder 0.04 0.16
Skin, Bone surface. Salivary glands. 0.01 0.04
Brain
^Remainder Tissues: Adrenals, Extrathoracic (ET) region. Gall bladder. Heart, Kidneys, Lymphatic nodes. 
Muscle, Oral mucosa, Pancreas, Small intestine. Spleen, Thymus, Uterus/cervix.
Internal exposure from ionising radiation can be caused by consuming primordial 
radionuclides into the body by ingestion or inhalation. Eating food or drinking water 
contaminated with and ^^^Th series radionuclides gives rise to internal
irradiation. Doses from inhalation typically arise from breathing dust particles containing 
radionuclides from the and ^^^Th decay chains in air. Usually, terrestrial
radionuclides are present only in trace amount. However, if  radioactive materials are 
released to the environment in significant amounts, this could result in significant
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biological damage. To determine an internal dose rate, both physical and biological 
factors must be taken into account. The physical factors involve the type and energy of 
the radiation and the radiological half-life. The biological factors rely on the distribution 
of the radioisotope within the body and the kinetic behaviour, such as absorption rate, 
turnover rates and retention times in the various organs and tissues.
2.11.3 Effective Half-Life
The concentration of a radionuclide in an organism is directly related to the difference 
between the intake of the radionuclide and its removal from the organism by excretion 
and/or radioactive decay. The number of radioactive nuclides within an organ at time t ,  is 
Q{t) , after deposition of a quantity Q^is given by [CEM09];
Q = (2.101)
where Zr is the radioactive decay constant and Zb is the biological elimination constant.
If
X e  =  ^ r + ^ b  (2 .102)
then
P  = (2.103)
where Xg is called the effective elimination constant. The effective half-life is then
= (2.104)
4
From the relationship between Xb , Zr and
= (2.105)
T  T  T■‘■B
or
f  (2.106)
where is effective half-life, is biological half-life, and is radiological half-life
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The number of radionuclides declines therefore due to both radioactive decay processes 
and their biological ejection from the human body. Therefore, the effective half-life is 
smaller than either the biological or radiological half-lives [CEM09]. The biological 
effects of radiation are very complicated since they are linked to the physical constituents 
and the metabolism processes which are impacted by several factors such as body size, 
age, sex, physical activity, physical condition, metabolic rate and the overall deposition of 
the radionuclide in the body [RON84].
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Chapter 3
3 Experimental Methodology
3.1 Sample Collection
Approximately 60 beach sand samples were collected by random selection from different 
locations along the west and the east coast of southern Thailand during August 2008 
covering six provinces, namely Phang-nga, Phuket, Krabi, Chumporn, Suratthani and 
Nakonsrithammarat, as shown in Figure 3-1.
____i _ .
Chi mpom
Suratthani
,N akonsrithammarat
Phuket
Krâbi
Figure 3-1: Map showing sampling areas from six provinces along the west and east coast of Thailand.
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Beach sand samples were collected from different beaches and at different 
distances from the seashore (i.e. at the beachfront, 10 and 20 metres from the beach line) 
along the west and east coast of Thailand at the following provinces:
• Phang-Nga province; Hat Khoa Lak, Hat Thai Mueng
• Phuket province; Hat Nai Ton, Hat Surin, Hat Patong, Hat Kata Noi, Hat 
Rawai, Ao Chalong and Ao Po
• Krabi province; Hat Nopparat Thara, Ao Tonsai, PhiPhi Don, Ao 
Lohdalam and Bamboo Island
• Chumpom province; Hat Sai Ri and Hat Laem Son
• Suratthani province; Hat Chaweng, Hat Lamai, Hat Taling Ngam, Hat 
Lipanoi and Ao Bo Phut in Samui Island, Hat Rin Nok, Hat Kho Ma in 
Phangan Island and Hat Chaiya
• Nakomsrithammarat province; Hat Khanom
The geological maps of the west and the east coast of Thailand using ArcView software 
showing the sampling points are depicted in Figure 3-2, and 3-3, respectively, followed 
by the explanation of the symbol list in Table 3-1. The quaternary coastal deposits cover 
the main part of southern Thailand for a distance of about 1,840 km in the Gulf of 
Thailand and occur periodically along the 865 km west coast of Thai Peninsular 
[DHE92].
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3.2 Sam ple Preparation
Approximately 2 kg for each sand sample was collected from the ground surface down to 
a depth of 5 cm. After collection, sample preparation was then carried out by: (i) drying 
of the samples at room temperature to remove excess moisture; (ii) oven drying the 
samples at a temperature of 50°C for 24 hours to obtain a constant weight; (iii) passing 
through a 500 p,m sieve to ensure homogeneity of the sample; (iv) placing in 550 ml 
polyethylene plastic marinelli beakers which were sealed with PVC tape and; (v) dry 
weighing and storing for approximately 4 weeks to allow radioactive equilibrium of ^ ^^Rn 
with it parent (^^^Ra ) in the uranium chain. The processes of sample preparation are 
shown in Figure 3-4.
(a) experimental apparatus
# 1  V
(c) oven drying at 50°C for 24 hours
(b) drying at room temperature
t o
■A,
(d) passing through 500 pm sieve
(e) placing in 550 ml marinelli beakers
\
(f) sealed and stored for 4 weeks
--pm"
Figure 3-4: Sand sample preparation for the current study.
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3.3 Experim ental Setup
Gamma-ray spectrometry analysis of the beach sand samples was carried out using a 
HPGe coaxial detector which had the following specifications:
a) Canberra coaxial germanium detector
Detector Model GCW2021
Serial number b 06308
Geometry Coaxial one open end, open end facing window
Diameter 62 mm
Length 48 mm
Distance from window 10 mm
Bias voltage (V dc) (+)3000 V dc
b) Detector with shielding system 
To reduce the external gamma-ray background in the measured spectrum, a cylindrical 
lead shield with a fixed bottom and a movable cover shielded the detector. The detector 
shield contained a 10 cm thick low background lead, internally lined with 1.5 mm copper 
and 1 mm tin sheets as shown in schematically in Figure 3-5 below.
491
^ ^  241
370618
100 mm Lead 
1.0 mm Tin
1.5 mm Copper
Figure 3-5: Low-background shield design and cross-section of materials; (A) shielded door (B) 
shielding materials (C) shield penetration (D) detector preamplifier and dewar and (E) detector.
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Shielding of the germanium detector is very important for counting low-level 
environmental samples because it decreases the amount of background radiation which 
reaches the detector. The material that is most widely used to construct the passive 
detector shields is lead, which is used because of its high density. An optimum thickness 
o f lead shielding is about 10 cm in order to reduce the cosmic- ray components [LIN90] 
and typical gamma ray of the background (i.e. from concrete walls). Smaller 
thickness of shields may not absorb sufficient gamma rays from external background 
sources efficiently enough, while higher thickness of shields leads to an excess of 
production of secondary radiations due to cosmic-ray interactions within the lead shield. 
In the current work, the bulk shield of lead is covered on the inside with a graded copper- 
tin liner comprising of 1.5 mm and 1 mm thick sheets of copper and tin respectively. The 
sheets of copper are used to absorb the characteristic fluorescence K« and Kp X-rays 
created in the lead that are excited by background or source radioactivity, while the tin 
sheets are used to attenuate the copper K X-rays from the fluorescence of the copper sheet 
liner.
c) HPGe detector system
Gamma-spectrometric analysis of the samples was performed with a computer-based 
gamma-ray spectrometry system for qualitative and quantitative determination of gamma- 
emitting radionuclides. The system included a high-resolution HPGe coaxial detector, 
high-voltage power supply, preamplifier, amplifier and a multi channel analyzer (MCA) 
(see Figures 3-6 and 3-7). The HPGe coaxial detector used had a measured energy 
resolution of 2.08 keV (FWHM), an absolute full-energy peak gamma-ray efficiency of 
approximately 0.5% and relative efficiency of 28.8% at 1332 keV.
source
HV bias 
supply
Preamp Amplifier MCA
+VDU
H P G e
detector
O scilloscope
Figure 3-6: Schematic diagram of the high-purity germanium detector system [PPR08].
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(b) Top view of HPGe detector and shielding
F
(c) NIM bin with high voltage,
(a) HPGe detector Amplifier and ADC units
Figure 3-7: The high-purity germanium detector system used in the current work.
3.4 Detector Characterisation 
3.4.1 Energy Calibration
A pre-prepared source standard of^^^Th and its decay chain members, with energies up to 
2.6 MeV was used to perform an energy calibration which covered the entire range over 
which the gamma-ray spectrometer was used. The list o f gamma-ray energy emitted by 
^^Th source is shown in Table 2-1. The ^^^Th standard source was held in a marinelli 
beaker with an activity of approximately 1 kBq and was placed around the top of the 
detector and an energy spectrum collected for 86,400s (i.e. one day). The energy 
calibration was normally performed before measuring the sample, and then repeated 
every week to check for any drift in the detector gain, thus maintaining the quality of the 
measurements.
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3.4.2 Detection Efficiency
Four independent reference sources containing (i) (ii) ^^^Ra, (iii) ^^^Eu, and (iv) 
NG3 (a mixed radionuclide source containing ^°^Cd, ^^^Ce, ^^^Cs, ^°Co, ^^Co,
^^^Sn, ^^Sr, and ^^Y) in the same marinelli beaker geometry as used for the samples 
were employed for the absolute efficiency calibration of the system. With the same 
geometry and the same range in density between reference sources (1.1 g/cm^ for the 
^^^Th and ^^^Ra sources; 1.6 g/cm^ for the ^^^Eu and NG3 sources) and sand samples 
(which had typical measured densities of ~1.3-1.5 g/cm^), differences in the self­
attenuation for gamma rays for the sources and samples was then assumed to be a 
negligible contribution to the overall experimental uncertainties in the radiometric 
evaluations discussed in this thesis.
3.5 Sample Analysis
The measurement time for the sand samples and the background was set to 172,800s (i.e. 
48 hours). This was chosen in order to gain sufficient counting statistics for each sample. 
The background spectra, collected with de-ionised water filled blanks, were used to 
correct the net peak area of gamma rays o f the measured isotopes. The spectrum analysis 
was performed by the computer software Genie 2000 obtained from CANBERRA 
[CAN04]. Decays associated with defined radionuclides were then identified by 
measuring their literature gamma-ray energies. The gamma-ray lines used to determine 
the radionuclide activities were carefully chosen based on high intensity decay branches 
and peak energies which were generally free of mutual spectral interferences (i.e. gamma- 
ray energy doublets associated with different radionuclides).
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C hapter 4
4 Results and Discussions
4.1 Detector Characterisation
4.1.1 Energy Calibration
A pre-prepared souree standard of and its decay chain members with gamma-ray 
energies up to 2.6 MeV and an activity of 1,08 kBq, was used to calibrate the germanium 
detector’s energy and full-energy-peak efficiency responses. An example of calibration 
spectrum, collected for 86,400s is shown in Figure 4-2. Energy calibration represents the 
relationship between the MCA channel number and the photon energies. Once energy 
calibration points have been established over the energy range of interest, a calibration 
curve relating energy to channel number is derived. Although the calibration curve can be
described by the least-square fitting of a polynomial of the form E, = , where
E, is the energy corresponding to the channel number C^  because of the small degree of 
nonlinearity, the channel number versus energy plot is well described by a linear 
relationship (see Figure 4-1) over this range.
3 0 0 0
2 5 0 0
y = C.3565x+0.7872
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>  1500
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80005000 70003000 4000 600 01000 20000
Figure 4-1: Energy calibration response curve using the source.
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Figure 4-2:^^^Th calibration spectrum collected for 86400s.
By measuring the spectrum of the ^^^Th standard source emitting gamma rays o f known, 
precise energy and comparing these to the measured peak centroid position in channel 
numbers, the point energies (~ 20 points) were calibrated. These covered the entire energy 
range over which the HPGe spectrometer was used. The measured energies are then used 
to identify the radionuclides in the background and sand samples. The energy calibration 
has to be recalculated periodically to maintain the correct energy-channel relationship.
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4.1.2 Detection Efficiency
Gamma rays must first undergo an interaction in the detector before detection is possible. 
Since electromagnetic radiation can travel significant distances between successive 
interactions, germanium detectors are less than 100% efficient [KNOOO]. It thus becomes 
necessary to have a precise figure for the detector gamma-ray detection efficiency in 
order to relate the number of pulses counted to the number of photons emitted by the 
source. In this study, the absolute photopeak efficiency was evaluated using four 
independent reference sources containing ^^^Th, ^^^Ra, ^^^Eu, and NG3 (a mixed 
radionuclide containing ^°^Cd, ^^^Ce, ^^^Cs, ^°Co, ^^Co, ^^^Sn, ^^Sr, and
The absolute photopeak efficiency (s,)  is defined as [KNOOO]:
c;xioo%
-  ATy OLl)
where C, = total number of counts recorded per unit time in the full-energy peak, 
integrated over the recorded spectrum subtracted by the corresponding background count 
rate. AT = number of gamma quanta emitted by the source per unit time.
jVy = (4.2)
where = disintegration rate of the source and /^(E^) = the fi-actional number of 
gammas emitted per disintegration.
In the current work, linear classes of efficiency functions constructed from several sets of 
independent efficiency data sets were used to fit the absolute full-energy peak efficiency 
response curve to the polynomial function described by Gray and Ahmed [GRA85]. i.e..
s{E ,p ) = p ^+ p ^ \n (E )+ p ^ \x? {E )+ p ^h ? {E )+ p ^ \r i { E ) + p ^ h ^ { E ^ ^ E  (4.3)
where s  is the absolute full-energy peak efficiency, E  represents the gamma-ray energy 
in MeV and are the function parameters.
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The majority of the data sets which were used to test the series and poly-log classes were 
obtained by Debertin [DEB79], in the course of an intercomparison of gamma-ray 
emission-rate measurements, organised by the a-, p-, y-ray spectrometry group of the 
International Committee for Radionuclide Metrology (ICRM). The remaining data sets 
were obtained from the literature. 38 samples data sets were collected which 32 data sets 
consisted of measurements made independently on different detector. The remaining six 
data sets consisted of three unrelated pair; each pair consisted of measurements made on 
the same detector, over the same energy range, but at different distance. The absolute full- 
energy peak efficiency curve as a function of photon energy using this fitting function is 
shown in Figure 4-3. The spectra for the four standard sources used to determine the 
absolute full-energy peak efficiency are shown in Appendix C.
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Figure 4-3: Absolute efficiency curve of the detector response used in current work.
From Figure 4-3, it can be seen that the detector has an absolute full-energy peak 
efficiency less than 2.5% when the sample was placed directly over the detector (i.e. in 
the Marinelli beaker geometry). This can be explained by the relative importance of the 
three gamma-ray major interaction processes in Figure 2-18 and Figure 2-19. The cross- 
sections for the predominant interactions of gamma rays are functions of photon energy
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and the absorber atomic number. At low gamma-ray energies (less than 100 keV), 
photoelectric absorption process is dominant when gamma-ray energies interact with the 
Ge detector (Z=32). In this process, the incident photons transfer all of their energy to 
bound electrons and are completely absorbed. Between energies of about 100 keV to 1 
MeV for gamma rays, the Compton effect is dominant which caused gamma-ray photons 
scattered and escape from the detector. At higher gamma-ray energies (>5 MeV), pair 
production processes play a significant role.
4.2 Background Spectrum
The analysis of a /-spectrum is based on an evaluation of the full energy peaks; the 
analysis software locates the peaks, determines the peak areas (counts) and thereafter 
calculates peak emission rates (counts per second corrected for detector efficiency), 
associates peaks with radionuclides, and calculates their activities. It is important to know 
if  the activity o f a radionuclide is above a statistical detection threshold. Therefore, the 
detection limits are also usually determined during the analysis phase [TOIOO]. Deciding 
which radionuclides are present involves qualitative analysis and thereafter determining 
their activities related to quantitative analysis.
The radiation background collected from de-ionised water filled Marinelli beaker ‘blanks’ 
was observed for two days to meet the required statistical uncertainty. Identification 
procedures start by matching the observed peak energies with energies of photon 
transitions by known radionuclides. The radionuclide types are identified in Table 4-1 and 
the background spectra observed are shown in Figure 4-4.
Table 4-1: Main X-ray and /- r a y  energy peaks observed in background spectrum.
Energy(keV)^^^"^^ Mother Nuclide Decay Source of Radiation
63.3 234Th series
139.7 "^^ Ge(n, y) in detector crystal
198.4 ^°Ge(n, y), sum 175.0+23.4, in detector crystal
511.0 Annihilation Annihilation radiation (P )^
1460.8 40k Primordial
1764.5 '^'Bi ( " " ^ )  series
2223.3 ^H(n, y), reactions with hydrogenous
material in the vicinity of the detector
2614.5 208'j’j ^^ ^Th series
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Figure 4-4: Background spectra collected from de-ionised water for 172,800s (i.e. 2 days).
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Figure 4-4 shows the radionuclides observed in the background spectra (i.e., ftom the de­
ionised water sample) after performing a background count with the new detector set up. 
The radionuclides as listed in Table 4-1 are mainly from natural occurring radioactive 
material (NORM). These radionuclides are the progeny of the decay chains headed by
23 8  2 3 2  •U, Th (Figure 2-2 and 2-3) and the non-series radioisotopes that decay directly to a 
stable isotope, including It is therefore a smaller contributor to the natural 
background dose. The source o f the background radionuclides can be classified into three 
groups: (i) arising from natural occurring radioactive material; (ii) coming ftom the 
interaction between cosmic-ray products and component surrounding the detector e.g. 
water, detector crystal; and (iii) from annihilation radiation when interaction gamma-ray 
energy is more than 1,022 keV.
(i) The Y-ray lines at energies of 63.3 and 1,764.5 keV arise ftom ^^ "^ Th and ^^%i 
decay (^^U) respectively whereas the y-ray line at energy 2,614.5 keV comes ftom °^^ T1 
decay (^^^Th). The y-ray line at energy of 1,460.8 keV comes ftom very long-lived 
isotope which is present in the cement or concrete block walls surrounding the detector.
(ii) The decay y-rays ftom short half-life isomeric levels (i.e. 139.7 keV in ^ ^ ^ e  and 
198.4 keV in ^^ ”^ Ge) are produced by Ge atoms excited by collisions between high-energy 
neutrons as cosmic-rays reaction products and the components surrounding the detector and 
even the detector itself [GEH05]. The background spectrum was also observed the reaction 
^H(n, y) with a 2,223 keV gamma ray (which is the deuteron binding energy) produced 
by the neutron reactions with hydrogenous material (i.e. de-ionised water in the Marinelli 
beaker) in the proximity of the detector [ANSI99].
(iii) Annihilation radiations at y-ray energy of 511 keV are created from the pair- 
production process when a y-ray with an energy of >1,022 keV interacts with the active 
volume of a HPGe detector. The resulting positron ftom positron-electron pair can then 
combine with a negative electron in the absorbing material. The original positron and 
electron disappear (i.e. annihilate) and are replaced by two oppositely directed photons.
In this study, no detectable characteristic X-rays above the MDA were found in 
the background spectrum. A graded shield o f a 10 cm thick lead wall lining with a sheet 
of copper and tin both on top and the bottom of the castle prevent the characteristic X- 
rays from the lead-shield excited by background radioactivity being observed. 
Contaminations o f shielding materials, even in small amounts, can cause fluctuations in
75
the background when low-level activities are measured (e.g. if the background activity is 
the same order of magnitude as the source strength). Therefore, refined lead with a graded 
shield or other special constructions of the shielding are required for the low-level 
radioactivity measurements [KNOOO].
The terrestrial nuclear radiations on the earth since its origin are present in materials 
like soil, rock, brick, tiles, etc. A ‘zero’ background radiation level is therefore not 
possible. The variation of background radiation depends on the mineral content in the 
ground and the cosmic-ray intensity (which in turn depends on the altitude and latitude). 
Normally, the external background dose rate varies from about 700-1500 pGy per year 
[CEM08]. However, significantly higher natural radiation backgrounds than average also 
found in numerous other places. For example, in Brazil, there are beaches where the 
background dose rate is as high as 430,000 pGy per year [SAK94] and in such a case the 
shielding is more important in any measurements for reducing the natural gamma-ray 
background in the area.
4.3 Detection Limits
4.3.1 Critical level (Lj and lower limit of detection (LLD)
The critical level (Lc) or “trigger point” for the counting system calculated by Equation 
2.79 is shown in Table 4-2 below. This value represents no actual additional activity 
present in the sample or no source being present.
Radionuclide
(mother)
Energy
(keV)
Lc
(Counts±l)
LLD above 
background
(Counts)
LLD gross net 
count 
(Counts)
234Th 63.3 28 59 , 204
"""’Ge 139.7 32 66 251
"^”Ge 198.3 41 85 397
40k 1460.8 30 63 232
'''"Bi 1764.5 22 47 137
"h 2223.3 15 33 76
208rpj^ 2614.5 26 54 176
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From Table 4-2, the critical level (Lc), the lower limit of detection (LLD) above 
background for this counting system lies at 15 to 41 counts and 33 to 85 counts for 
(2223.3 keV) and ^^%e (198.3 keV) respectively. This means that if the number o f the 
net counts recorded with the sand samples is less than the critical level (Lc), it can be 
concluded that the samples do not contain any measureable activity with the current 
experimental set up. In terms of statistics, under this condition (at the 95% confidence 
level) there is a 5 % chance that an excess activity is measured when there actually none 
really present (a so-called ‘false positive’). I f  the number o f the net counts recorded ftom 
the sand samples exceeds the critical level (Lc), it is assumed that some level o f real 
excess activity is present. Any conclusions that no activity is present are based on a 5% 
false negative chance. Whereas the critical levels represent the significant of the net 
counts, the lower limit of detection (LLD) is interpreted as the minimum number of 
counts needed from the source to ensure detection.
4.3.2 Minimum Detectable Activity (MDA)
The minimum detectable activity (MDA) for each radionuclide was determined ftom the 
background radiation spectrum for the same counting time as for the sand samples. The 
values were calculated using equation 2.81 and are summarized in Table 4-3. The 
minimum detectable activity (MDA) depends on the counting efficiency of the detector 
and the emission probability per disintegration of the selected gamma line.
Table 4-3 Tbe minimum detectable activity (MDA) for tbe counting system.
Radio-
nucbde
Energy
(keV)
%Emission
Probability
Measured absolute full- 
energy peak efficiency
MDA above 
background (Bq)
MDA gross net 
count (Bq)
^^ T^h 63.3 4.1+0.7 0.0064+0.0005 1.30+0.24 4.49+0.84
139.7 IT(47.7 s) - - -
198.4LE 2. —^  1. —^  0. - - -
40k 1460.8 10.67±0.13 0.0051+0.0005 1.56+0.05 5.75+0.19
1764.5 15.1+0.2 0.0052+0.0002 0.96+0.03 2.81+0.09
2223.3 - - - -
208-^ 1 2614.5 35.64+0.06 0.0035+0.0002 0.76+0.02 2.48+0.07
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From Table 4-3, the minimum detectable activity (MDA) above background for the 
counting system ranged from 0.76+0.02 Bq for °^^ T1 to 1.56+0.05 Bq for These 
values show the smallest amount of radioactivity that can be detected and distinguished 
from the blank.
4.4 Secular Equilibrium in Beach Sand Samples
Natural disturbance, sample collection and preparation may all cause disequilibrium in 
beach sand samples; therefore the prepared samples were sealed and stored in Marinelli 
beakers for one month to allow secqular equilibrium. To avoid any mis-estimation of 
^^^Ra and ^^^Th due to radon escape from the sand samples, this study also measured 
whether the radioactive equilibrium of radium precursors and their radon progeny and 
associated decay products had been established in the sand samples.
The sand sample was used to investigate radioactive equilibrium collected from Hat Sai 
Ri beach (CPHSR-1) in Chumpom province on the east coast of Thailand as seen in Figure 4-5.
CPk
Qa
CPk O Hat Sai Ri
Qmc
JKI
UKI
Qc
Figure 4-5: Map showing sampling point from Hat Sai Ri beach in Chumpom province.
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The sampling point is located at latitude 10° 23' 51.5" N and longitude 99° 16' 47.9" E 
recorded by Global Positioning System (GPS). The study area consists of arkosic and 
lithic sandstone, mudstone, siltstone, cross-bedded, conglomerate and sandstone affected 
by the Jurassic formations.
The sample was then prepared following the stages of sample preparation. Use was made 
of the hyper-pure germanium coaxial detector-based gamma-ray spectroscopy low 
background counting system with the set up as described in section 3.2. After an energy 
calibration was performed, the CPHSR-1 sample collected at the beach front was then 
measured every day for eight days and then every week for one month to investigate 
growth curves of total activity in the uranium and thorium chains. The growth in curves of 
gamma-ray energies in ^^^Th and decay series from studied sand sample as a 
function of time are also shown in Figure 4-6 followed by the spectrum of the ‘Sai Ri’ 
beach sand sample collected for 172,800s and background subtracted in Figure 4-7.
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Figure 4-6: Growth in curves of some gamma-ray energies associated with the ^^ T^h and decay 
series from studied sand sample as a function of time.
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Figure 4-7: Gamma-ray spectrum of the ‘Sai R i’ beach sand sample subtracted background collected 
for 172,800s (i.e. 48 hours).
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With regard to radon loss, ^^^Rn which has a 3.8 day half-life should take 
approximately 27 days to reach equilibrium with its parent (^^^Ra) in the uranium chain 
while ^^°Rn has only a 55.6 second half-life and would rapidly grow into its parent (^ "^^ Ra) 
in the thorium chain. Any radon loss would underestimate the interpreted ^^^Ra content. 
As such, in the present study, the samples were sealed with PVC tape. In-growth of the 
short-lived progeny ^^^Pb (238 keV and 300 keV), °^^ T1 (583 keV) in the thorium chain 
and ^^ "^ Pb (295 keV and 351 keV) and (609 keV) in the uranium chain, from the first 
to eighth day and over periods of 12, 22 and 33 days after sample preparation, are shown 
in Figure 4-7. The small differences in the activity of each growth curve as a function of 
time may result from accumulation of bismuth and lead in natural sand samples leading to 
rapid approach to activity equilibrium with the respective parents. In addition, it might be 
expected that the only appreciable radon loss would be from the surfaces of a sand 
sample, the bulk being retained within the body of the sample. Comparison of the activity 
of ^^^Pb and ^^^Bi from the thorium chain and ^^ "^ Pb and ^^%i in the uranium chain, 33 
days after sample preparation, indicates that the radioactive equilibrium was maintained 
and that there was no significant, measureable loss of any the decay products during 
sample storage. The decay progeny that follow ^^^Ra and ^^ "^ Ra in the decay chains would 
therefore also achieve this equilibrium.
It can be noted that although it would take about 27 days for ^^^Rn to achieve 
equilibrium with its parent, only ^^^Rn decay products were measured and thus 
radioactive equilibrium can be approached in about 2 hours under normal circumstances 
[EIS97]. As the longest half-life of radionuclides prior to ^^ ®Pb in the uranium chain is 
^^ "^ Pb which has a half-life of 26.8 minutes, radioactive equilibrium was achieved in a 
short period of time, of the order of a few hours. The presence of ^ ‘^^ Pb 22 years)
resulting in the further growth is relatively slow and difficult to observe. In the thorium 
decay chain, there are no long-lived radionuclides after ^^°Rn. Therefore, reaching 
equilibrium of ^ ^°Rn and its decay products only influenced by the time required for the 
build-up of^^^Pb hours).
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4.5 R adioactivity D istribution
Beach sand samples were collected from 10 different beaches along the east and the west 
coast of Thailand at the following locations; (i) Hat Khoa Lak in Phang-Nga province 
(PNKL), (ii) Hat Nai Ton (PKNT), (iii) Hat Patong (PKPT), (iv) Hat Kata Noi (PKKT) in 
Phuket province, (v) Hat Chaweng in Samui Island (SMCW), (vi) Hat Kho Ma 
(KPNKM), (vii) Hat Rinnok (KPNRN) in Phangan Island, Suratthani province, (viii) Hat 
Laem Son (CPLS), (ix) Hat Sai Ri (CPHSR) in Chumpom province, and (x) Hat Khanom 
in Nakomsrithammarat province (NSKN) (see Figures 3-2 & 3-3). Three sand samples 
were collected from each beach at the different distances from the seashore i.e. at the 
beachfront, 10 and 20 metres. After the samples were prepared and sealed by PVC tape 
for one month, each sand sample was then counted for 178,200s (i.e. 2 days). The activity 
concentrations of ^^^Ra, ^^^Th and "^ K^ in beach sand samples were determined to 
investigate the radioactivity distribution in beach sand samples as a function of the 
distance from the seashore, as shown in Figure 4-8, 4-9 and 4-10 respectively.
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Figure 4-8: Radioactivity distribution in U decay series nuclei from studied sand samples as a 
function of distance from the seashore.
82
80
70  -
60  -
PNKL
KPNKM
PKNT
30
P KPT
NSKN20
KPNRN
S M C W
PKKT
C P L S
C P H S R
10 200
D is ta n c e  from  th e  s e a s h o r e  (m etre)
Figure 4-9: Radioactivity distribution in decay series nuclei from studied sand samples as a 
function of distance from the seashore.
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Figure 4-10: Radioactivity distribution in decay from studied sand samples as a function of 
distance from the seashore.
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Figure 4.8 and 4.9 show that the activity concentrations of ^ ^^Ra, ^^^Th at the beachfront 
are comparable to that at 10 and 20 metre distances from the seashore. However, the 
difference of the activity in ‘Khoa Lak’ samples (PNKL) at each distance is somewhat 
higher than in others. The activities of ^ ^^Ra and ^^^Th at 10 metres are twice than that at 
the beachfront and 20 metres from the seashore. Since the sample was collected from the 
surface, some organic matter such as crushed seashells or wood sticks could have a 
significant impact to the level of radioactivity in the studied samples.
A relative high activity associated with the decay chain is obtained in the 
‘Kho Ma’ sample (KPNKM) collected 20 metres from the beachfront. This might be 
explained by the fact that the position used to collect the sample was close to soil. 
Therefore, the composition of this sample had more beach soil sand than others. Figure 
4.10 shows that the activity concentration of "^ °K from the beach sand collected at 10 
metres is the same as that at 20 metres, while the activity concentration of '^ ^K at the 
beach front is significantly higher, particularly in the “Nai Thon” sample (PKNT). This 
may be because at the beachfront was ‘washed-out’ by potassium contained in the ocean 
waters which was then deposited on the sand surface at the seashore.
The variation radioactivity in samples also depends on the grain size of the 
samples, the mineral composition of the original material and the combined processes of 
solution and adsorption during the process of sedimentation [H0047].
4.6 Phuket Island
Phuket is the biggest island in Thailand and is located in the Andaman Sea off southern 
Thailand (see Figure 3-2). It is one of the most popular tourist areas because of white 
beach sand, long and wide beaches, with a very well known beach among Thai and 
foreign tourists known as ‘Patong’ beach. The west side of Phuket Island was hit by a 
tsunami in December 2004 causing a severe damage in many areas and bringing sediment 
from the sea floor onto the beaches of western Phuket. In the current study, eight beach 
sand samples were collected from the beachfronts from different beaches around the 
island namely; Hat Mai Kao, Hat Nai Thon, Hat Surin, Hat Patong, Hat Kata Noi, Hat 
Rawai, Hat Chalaong, and Hat Ao Po (see Figure 4-11). The radioactivity levels of ^ ^Ra, 
^^^Th and '^ ^K from the west side of the island (which was hit by tsunami) were then 
compared to the measurements to the east side of Phuket (which was not exposed in
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tsunami). The spectra of beach sand samples from eight different locations are shown in 
Figure 4-12 to Figure 4-19.
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Figure 4-11: Geological map showing sampling points around Phuket Island.
4.6.1 Sample Spectrum
Figure 4-12 to 4-19 show the spectra of the radionuclides observed in the beach sand 
samples. The radioactivity in the sand samples comes from naturally occurring isotopes 
of uranium and thorium and their daughter products, plus The decay from the 
radionuclides ^^ “^Th, ^^Ra, ^^ "^ Pb and identified in these spectra are the progeny in 
uranium decay chain headed by while ^^^Pb, ^^^Ac and °^^ T1 are the progeny in 
thorium decay chain headed by ^^^Th. No evidence for artificial radionuclides above the 
MDA was found in these sand samples (i.e. ^^^Cs). Note that the single-escape peak and 
double escape peaks associated with the 2,614 keV decay associated with ®^^T1 are also 
evident in the spectrum at energies of 2,103 and 1,592 keV respectively.
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Figure 4-14: Gamma-ray spectrum of the ‘Surin’ beach sand sample subtracted background
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collected for 172,800s (i.e. 48 hours).
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collected for 172,800s (i.e. 48 hours).
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4.6.2 Specific Activity
Determination of activity concentrations also requires knowledge of specific correction 
factors including, a self-attenuation corrections, decay- and life-time corrections and 
coincidence corrections. These have been applied to the analysis where appropriate. With 
only a small difference in the density between the reference sources and sand samples, the 
self-attenuation correction factor was not taken into account in this study. The weighted 
means for the activity was also applied in order to achieve the best estimate of the activity 
concentrations for given chains. The use of independent measurements of multiple, 
discrete gamma-ray lines from the same decay chains allows a signficant reduction in the 
statistical uncertainty of the derived activity concentrations compared to the use o f a 
single transition. The more-precise measurements for each sand sample were weighted 
more heavily than the less- precise measurements. This procedure is called a ‘weighted 
mean analysis’ and is illustrated in more detail in Appendix B.
By using eq. 2.85, the activity o f each radionuclide in the ^^^Th, series and is 
shown in Figures 4-20 to Figure 4-27. An example of the activity calculation associated 
with the decay o f i s  given in Appendix B. The activities from eight different samples 
are summarised in Table 4-4. The weighted mean values with uncertainties are 
represented as dotted lines in the figures.
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Figure 4-20: Radionuclide activity for the ‘Mai Kao’ beach sand sample. The dotted lines represent 
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Figure 4-21; Radionuclide activity for the ‘Nai Ton’ beach sand sample. The dotted lines represent 
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The efficiency corrected intensities of the measured discrete gamma-ray lines of energies
209.2, 328.0, 409.5, 463.0, 794.9, 835.7, 911.2, 964.7, 968.9 keV (™Ac), 727.3, 1620.5 
keV (^‘^ Bi), 300.1 keV (^'^Pb), 277.3, 583.2, 860.6 and 2614.5 keV (“ *T1) were used to 
determine the activity concentrations of the gamma-ray lines at 186.2 keV (^*Ra),
295.2, 351.9 keV (^'"Pb), 609.3, 768.3, 934.1, 1120.3, 1238.1 and 1764.5 keV (^“ Bi) 
were used to determine the activity concentrations of ^ ^^Ra; while the 1460.8 and 661.6 
keV transitions were used to determine the activity concentrations of ‘*°K and *^ ’Cs, 
respectively.
The activity concentrations o f  ^ ^^Ra, ^^^Th and were found to lie in the range 
of 4.8±0.6^25.6±1.2, 6.4±0.8<->39.4±4.1, 85.4±9.0<->l,112±117 Bq.kg'^ with the 
average mean values of 14.4±0.1, 20.2±0.1, 431.6±20.0 Bq.kg'^ respectively. The activity 
concentration of ^^^Cs (661.6 keV) is below the minimum detectable activity in the 
current work, meaning that effectively no measurable amount of artificial radionuclide is 
present in the sand samples in the current study. The obtained results from beach sand 
samples are lower than the worldwide average concentrations for ^^^Ra and ^^^Th in soil 
as reported by the UNSCEAR (2000) of 17-60 and 11-64 Bq.kg“  ^with the mean values of 
35 and 30 Bq.kg"^ respectively. The activity concentration of^°K in the studied samples is 
higher than the worldwide average concentration which is 140-850 Bq.kg”  ^with the mean 
values of 400 Bq.kg“  ^due to relatively high concentration of in the “Nai Ton” beach 
sand sample. This may result from potassium in ocean water absorbing in the sand 
surface at the seashore. The activity concentrations of ^ ^^Ra, ^^^Th and in the beach 
sand samples for the present work have been compared to previous studies in Thailand, 
including the preliminary work from this thesis reported in reference [MALIO], and 
works by Boonkrongcheep et al. [B0007], Benjakul, S. et al [BEN07], and Ayusuk, W. 
et al. [AYU07] (see Table 4-8). The results obtained from the study are found to be 
comparable with these previous studies.
4.6.3 Mutual Interferences
4.6.3.1 ^^Ra (186.21 keV) and (185.27 keV)
The activity of ^^Ra can be overestimated because of the mutual interference which 
comes from the 185.27 keV gamma ray emitted following the decay of into ^^^Th
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while the to ^^^Rn decay also emits a gamma ray with an energy of 186.21 keV. 
Both “^ ^Ra and are present in natural samples; ^^Ra arising from the decay 
chain while is the parent radionuclide in the actinium series. The contribution of 
counts in the 186 keV peak can be determined by using the expected, natural 
isotopic ratio when the ^^^Ra is in radioactive equilibrium with its parent [GILO8]. 
The actual ^^^Ra concentration can be determined as follows:
Natural isotopic abundance’s of uranium isotopes in soils [FRJ86]:
99.2745% 
7^,, =0.720%
Half-life and gamma-ray emission probabilities [FRI86]:
T (238y) = 4.4683X 10" years, = 0.0328
7% (^^U )= 7.038x10" years, /;^z3, = 0.53//67ff.
At equilibrium
■ 5 -  „ 6 . 3 > 2 4 k 6 0 . «0 -
-  A^ 235 • N ^ 2ss -  0J038X 10"X 365x 24x 60x 60 ’
These values can be used to calculate the gamma-ray production rates from ^^Ra and 
in the samples assuming 100 atoms of natural Uranium:
7^ 2^26 = (4.88x 10-'^ (0.0328//(/ff.) = 1.60x lO"'^ / / f  (4.6)
= (2.248X 10-'" (0.53//arz&) = 1.19x 10"'" y /f  (4.7)
To quantify the individual contributions of^^^Ra and to the gamma-ray energy peak 
at 186 keV, the ratio of the gamma-ray production rates can be expressed by:
r^ ,226 1 .60 x l0 - '"^ /f
1.19x10-'"//^
In relative terms, it can be written as:
_  1.60x10"'" x/j"
34 (4.8)
(1.60+1.19)xl0-'";^A
= 0.573 (4.9)
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_ ? > = — ^ -----1 .19x10‘V A  = 0,427 (4 .10)
(1.60+1.19)x 10-‘V A
Therefore, the total contributions to the count rate at energy of 186 keV from ^^^Ra and 
is 57.3% and 42.7% respectively under equilibrium condition. Simply multiplying 
the reported ^^^Ra concentration by 0.573 should therefore yield the correct ^^^Ra 
concentration.
4.6.3.2 (1460.8 keV) and ^^"Ac (1459.2 keV)
The interference from the comes from the 1459.2 keV gamma-ray emitted by ^^"Ac 
from the thorium decay chain, while decay emits a gamma-ray at an energy o f 1460.8 
keV. The contributions to the composite peak at the 1460-keV in a gamma-ray spectrum 
may therefore not be negligible and can need correction. The proportion o f counts from 
the ^"Ac contribution used to subtract from the experimental peak area can be calculated 
in a straightforward manner using the data from the prepared ^ ^^Th reference source. With 
^ % c  in equilibrium with ^^^Th, the 1459 peak can be determined directly from the ratio 
of counts in the 1459 keV peak to the counts of the ^"Ac decay transition at 911 keV 
(27.7% yield) or at 969 keV(16.6% yield).
(4.11)
For the ^^^Th standard source;
^(9iifeK) = 37,1230± 609 counts and = 7,839 + 88 counts
For the “Patong” beach sand sample (PKPT-1); = 6,363 ± 79 counts
Therefore, the counts in the 1459 keV peak from the “Patong” sand sample 
7 839= ’ X 6,363 = 134 + 12 counts
37,1230
= (4.12)
= 50,698-134 
= 50,396+225 counts
where is the total counts in the composite peak at 1460-keV in a gamma-ray spectrum
106
r^{U59keV) r^{U59keV)
-^ KPT
_ (^9UkeV) J _ ^{9\\keV) J
After subtracting the ^"Ac contribution to the total counts of the composite peak at the 
1460-keV, the residual counts associated with the peak are 50,396+225 for the 
“Patong” beach sand sample.
4.6.4 Elemental Concentrations
Since the activity of the samples is also associated with the number of radioactive atoms 
in the samples, assuming ^^^Ra in equilibrium with therefore the activity 
concentrations of ^^^Th and were then converted into the mass concentrations by 
the following equation:
V  = (4.13)
^  A
where Q  is the mass concentration of the nuclide E  of the measured sample, in pg.g'' or 
ppm (part per million),
is the atomic mass of the nuclide E , in g.mof',
is the activity concentration of the nuclide E ,  in Bq.g"',
is the decay constant o f the nuclide E ,
is Avogadro’s number equal to 6.023x lO^^atoms.mol"'
The concentration o f p r e s e n t e d  as a percentage (%) of the total potassium can be 
described by:
where Q- is the percentage of total K of the measured sample, 
is the atomic mass of ''°K, in g.mof',
Afr is the activity concentration of '*°K, in Bq.g"', 
is the decay constant of
is the percent natural abundance o f e q u a l  to 0.0118% 
is Avogadro’s number equal to 6.023x lO^^atoms.mol"'
107
A summary of the concentrations of U, Th in part per million and % total K for the 
sand samples collected around Phuket Island in the current work are shown in Figure 4-28.
iSo
h-
PKMK PKPT PKAP PKCL PKKT PKNT PKRW PKSR
Sample
Figure 4-28: The concentrations of ^^ T^h in ppm and % total K in beach sand samples collected 
from eight different beaches around Phuket Island.
The elemental concentrations of ^^^Th and were found to lie in the range of 
0.48+0.01^1.92+0.03, 2.72+0.05^7.90+0.13 ppm, and 0.28+0.03^3.64+0.38% with 
the average mean values of 1.16+0,01, 4.96+0.03 ppm, and 1.41+0.06% respectively. The 
results obtained are in the range of the typical rocks reported by [NCRP87] which are 0.5-
4.7, 1.6-20 ppm and 0.3-4.5% for ^^^Th and respectively.
The reported uncertainty in this study takes into account only the counting statistics which 
results in a relatively small (Poisson) uncertainty. In practice, additional uncertainties can be 
produced from other sources such as sample preparation, energy and efficiency calibration, 
sample measurements and variations in the published nuclear data literature. Taking into 
consideration all possible sources of uncertainty appropriately enables a complete evaluation 
of the true uncertainty in the final activity concentration value obtained.
40t
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4.7 The West and the East Coast of Thailand
In the present work, 60 beach sand samples collected along the west and the east coast of 
Thailand have been first measured to establish whether the radioactive equilibrium of 
^^^Rn with its parent (^^^Ra) in the uranium chain had been established. This was followed 
by the determination of the concentrations of ^^^Th and in Bq.kg"' and in ppm. 
The radium equivalent activity, together with the external (74) and internal (77in ) hazard 
indices of ^^^Th and are also discussed including the total gamma dose rate and 
the annual effective dose rate established using these sand samples.
4.7.1 Sample Spectrum
Six beach sand samples collected from six provinces namely; (i) Hat Thai Mueng in 
Phangnga province, (ii) Hat Mai Kao in Phuket province, (iii) Hat Nopparattara in Krabi 
province, (iv) Hat Team Son in Chumpom province, (v) Hat Chaiya in Suratthani 
province, and (vi) Hat Khanom in Nakomsrithammarat province are representative o f all 
sand samples collected along the west and the east coast o f Thailand, as shown from 
Figure 4-29 to Figure 4-35.The geological properties underlying the studied areas are 
shown in Figure 3-2 and 3-3 for the west and the east coast of Thailand respectively.
The radionuclides found in these beach sand samples are natural radioisotopes from the 
uranium, thorium and actinium decay chains plus the non-series radionuclide, 
Transitions signifying decays from ^'^Pb, ^'^Bi, ^^"Ac and °^"T1 are the daughter products 
in thorium decay chain headed by ^^^Th, while transitions following decays o f ^ '^'Th, 
^^^Ra, ^ 'T b  and '^'^Bi are from decay products in uranium decay chain headed by 
Although can not be detected clearly in the samples in the current work, peaks at 
gamma-ray energies of 143 and 163 keV from the decay of could be used to prove 
and measure its presence. Gamma-ray energies below 90 keV were not fully analysed in 
this study due to the interference with characteristic x-rays and other difficulties in 
identification. No evidence of "Be (477 keV) which is present in the gamma spectra of 
some natural waters and from environmental air filters (from "Be) was observed in the 
sand samples studied in the current work. The artificial radionuclides (i.e. '^"Cs) were 
also not found above the MDA. The single-escape peak (SEP) at 2,103 keV and double 
escape peaks (DEP) at 1,592 keV from "°"T1 do appear in the spectrum.
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Figure 4-29: Gamma-ray spectrum of the ‘Mai Kao’ beach sand sample (subtracted background)
collected for 172,800s (i.e. 48 hours).
1 1 0
13000
11000
S2
9000
§n 7000
U
5000
3000
1000
1800
I
1400 -
1000
I
u
I
X-rays3500 -
N (N
r- (uO\
■fflvo uZ oo<
2300 2500 2700
Gamma-ray energy (keV)
2900
Figure 4-30: Gamma-ray spectrum of the ‘Thai Mueng’ beach sand sample (background subtracted)
collected for 172,800s (i.e. 48 hours).
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Figure 4-31: Gamma-ray spectrum of the ‘Nopparat Thara’ beach sand sample (background
subtracted) and collected for 172,800s (i.e. 48 hours).
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Figure 4-32: Gamma-ray spectrum of the ‘Laem Son’ beach sand sample (background subtracted)
and collected for 172,800s (i.e. 48 hours).
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Figure 4-33: Gamma-ray spectrum of the ‘Chaiya’ beach sand sample (background subtracted) and
collected for 172,800s (i.e. 48 hours).
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Figure 4-34: Gamma-ray spectrum of the ‘Khanom’ beach sand sample (background subtracted) and
collected for 172,800s (i.e. 48 hours).
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4.7.2 The ^ “Ra/^ P^b and ^ “'Pb/^ “Bi Ratios
The activity ratios of ^ ^*Ra/ '^"'Pb and ^'"Pb/"Bi were measured and summarised in Table 4-5. 
Table 4-5 The activity ratios of ^ ^^ Ra/^ ^^ Pb and ^^ P^b/^ ^^ Bi in beach sand samples.
214-nu/214
Sample
no.
Sample
Code
2 2 6 R a / 2 1 4 p b 2 1 4 p b / 2 1 4 B i
1 PKMK-1 0.92 1.05
2 PKMK-2 0.93 1.04
3 PKMK-3 0.90 1.07
4 PNKL-1 0.87 1.09
5 PNKL-2 0.88 1.08
6 PNKL-3 0.94 1.04
7 PPBB-1 1.09 0.93
8 PPBB-2 0.83 1.10
9 PKPT-1 0.80 1.11
10 PKPT-2 0.81 1.13
11 PKPT-3 0.96 1.04
12 PKAP-1 1.01 0.92
13 PKCL-1 0.93 1.02
14 PKKT-1 1.00 1.02
15 PKKT-2 1.00 0.99
16 PKKT-3 0.92 1.08
17 PKNT-1 0.88 1.09
18 PKNT-2 0.93 1.03
19 PKNT-3 0.96 1.00
20 PKRW-1 0.84 1.09
21 PKRW-2 0.97 0.96
22 PKRW-3 0.91 1.06
23 PKSR-1 0.95 1.03
24 PKSR-2 1.00 0.94
25 PPTS-1 1.05 0.98
26 PPDI-2 1.04 0.92
27 PPLD-3 1.18 0.82
28 KBNT-1 1.09 0.98
29 KBNT-2 0.77 1.20
30 PNTM-1 0.91 1.06
Sample
no.
Sample
Code
2 2 6 R a / 2 1 4 p b 2 1 4 p b / 2 1 4 B i
31 PNTM-2 0.91 1.04
32 SMTNG-1 0.92 1.06
33 SMTNG-2 0.89 1.11
34 SMLN-1 0.95 1.04
35 SMLN-2 0.79 1.18
36 SMLM-1 0.89 1.11
37 SMLM-2 0.89 1.06
38 SMLM-3 0.85 1.12
39 SMCW-1 0.78 1.14
40 SMCW-2 1.10 0.85
41 SMCW-3 0.88 1.08
42 SMBP-1 0.85 1.10
43 SMBP-2 0.83 1.12
44 STCY-1 1.01 0.99
45 STCY-2 0.96 1.00
46 NSKN-1 0.93 1.03
47 NSKN-2 0.82 1.15
48 NSKN-3 0.79 1.16
49 KPNRN-1 0.86 1.02
50 KPNRN-2 0.84 1.06
51 KPNRN-3 0.86 1.09
52 KPNKM-1 0.80 1.14
53 KPNKM-2 0.86 1.11
54 KPNKM-3 0.89 1.07
55 CPLS-1 0.84 1.09
56 CPLS-2 0.97 1.03
57 CPLS-3 0.98 0.97
58 CPHSR-1 1.13 0.91
59 CPHSR-2 0.86 1.07
60 CPHSR-3 1.10 0.91
Since the activity of each radionuclide in the chain should be the same if  radioactive 
equilibrium is achieved, the activity ratio of ^ ^^Ra with its decay products and between its 
daughters can be used as an indicator for the radioactive equilibrium. From Table 4-5, it 
can be seen that the activity ratios of^^^Ra/^^^Pb and are all close to unity. This
means that the activity of ^^^Ra, ^^ "^ Pb, and are similar and the assumption of 
radioactive equilibrium being established in the studied sand samples is valid.
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4.7.3 The Concentrations of % Total K and the ^^ T^h/^ *^U232r /238i
Ratio
The concentrations of ^^^Th, and ^°K were found lie in the range of 0.12-6.68, 0.19- 
18.24 ppm and 0.01-4.50% with the average mean values of 1.28, 4.40 ppm and 1.19% 
respectively, as illustrated in Figure 4-35. The highest U concentration (6.68 ppm) was 
measured in the KPNKM sample corresponding to the formation of the granite rock, with 
and lower values found in other sedimentary rocks. The lowest U, Th and K 
concentrations are present in the PPBB sample with values of 0.12, 0.19 and 0.01% 
respectively. These values are associated with limestone formations in the samples 
because the radionuclide contents cannot enter the carbonate lattices easily. The variation 
of the concentrations of ^^^Th and are not only influenced by the geological 
feature underlying the studied area but also the geochemical properties of the different 
rock type.
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Figure 4-35: The concentrations of ^^ T^h (ppm) and % Total K from all of the beach sand
samples measured in the current study.
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Table 4-6 Elemental concentrations of the ^^ T^h in ppm and the ratio of ^ ^^ Th/^ ^^ U.
Sample
no.
238^
(ppm)
2^2xh
(ppm)
232t Jj/238u
1 1.92 6.58 3.43
2 1.37 4.81 3.50
3 1.48 5.40 3.65
4 1.84 7.30 3.97
5 4.20 18.24 4.34
6 2.93 12.61 4.31
7 0.13 0.21 1.57
8 0.12 0.19 1.59
9 1.08 5.57 5.17
10 1.06 4.96 4.67
11 1.96 6.97 3.55
12 0.48 2.72 5.65
13 1.77 6.04 3.41
14 0.79 3.40 4.30
15 0.72 2.82 3.92
16 0.68 2.78 4.09
17 1.33 7.90 5.94
18 1.38 7.81 5.68
19 1.91 10.22 5.36
20 1.17 4.67 3.99
21 0.72 2.02 2.80
22 0.63 2.84 4.48
23 0.72 2.81 3.90
24 0.79 2.53 3.23
25 0.21 0.51 2.43
26 0.68 1.77 2.60
27 0.14 0.20 1.38
28 0.20 0.60 3.02
29 0.35 0.78 2.26
30 1.68 5.58 3.31
Sample
no.
238^
(ppm)
23^Th
(ppm)
232Th/238u
31 1.64 5.26 3.20
32 1.05 2.98 2.84
33 1.11 2.94 2.66
34 1.29 4.45 3.45
35 1.23 4.07 3.30
36 1.30 4.49 3.47
37 1.45 3.79 2.61
38 1.40 4.54 3.25
39 0.66 2.00 3.05
40 0.81 2.06 2.54
41 1.19 3.69 3.11
42 1.76 3.72 2.11
43 1.53 3.64 2.38
44 1.55 8.19 5.27
45 0.99 4.59 4.63
46 1.04 4.27 4.09
47 1.08 4.63 4.28
48 1.21 5.16 4.27
49 0.40 1.71 4.31
50 0.41 1.39 3.39
51 0.81 4.27 5.25
52 4.14 9.79 2.37
53 4.78 9.31 1.95
54 6.68 10.37 1.55
55 0.75 2.98 3.96
56 0.76 2.82 3.69
57 0.66 2.56 3.90
58 0.32 1.34 4.23
59 0.28 1.10 3.88
60 0.30 1.14 3.78
Table 4-6 gives the ratio of ^ ^^Th/^^^U for the 60 beach sand samples collected along the 
west and the east coast of Thai peninsular. The ratio was found to lie in the range from 
1.38 to 5.94 with the mean value of 3.57. The results show that the areas under 
investigation have uranium and thorium contents in the typical rock range with a 
232Th/238u ratio close to the continental crustal average concentration of 3.82, as reported 
by the NCRP (1987) (see Table 2-3). Chiozzi et al. [CHI02] state that the agreement of 
these two values suggests that there is no significant fractionation during weathering or 
associated with the metasomatic activity in the monitored area.
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4.7.4 Correlation Between and Concentrations
R=0.93664
1 6 -
^  1 2 -
CL
4 -
53 4210
2 3 8 ,U concentration (ppm)
Figure 4-36: Correlation between and in beach sand samples.
The correlation between and concentrations in beach sand samples is shown in 
Figure 4-36. The solid line in the figure represents the best-fit between the and ^^^Th 
concentrations is approximately a linear relationship with a correlation coefficient of 
0.93. The and ^^^Th concentrations from the KPNKM-1, KPNKM-2, and KPNKM-3 
samples collected from Hat Koh Ma in Phangan island show an anomalous uranium 
enrichment reflected by the occurrence of granite rock and were excluded from this plot. 
The activity concentrations of ^^^Th and ^°K with the radium equivalent activity 
) ,  the external % )  and internal (//in ) hazard indicies estimated using equations
(2.92), (2.93) and (2.94) respectively, for all beach sand samples are shown in Table 4-7.
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The acivity concentrations of ^ ^^Ra, ^^^Th and for sand samples from the west coast 
lie in the range of 1.6±0.1<->52.5±0.8, 0.3±0.1<^73.9±1.5, and 2.8±0.1^1112±117 Bq. 
kg”  ^respectively. By contrast, the activity concentrations of ^ ^^Ra, ^^^Th and for sand 
samples from the east coast lie in the range of 3.5±0.1>^83.1±1,2, 4.5±0.1<-^42.0±0.9, 
and 9.6±1.1<->1,376±144 Bq.kg"^ respectively. It can be thus seen that the difference of 
radioactivity from sand samples between the west and the east coast of Thailand is 
insignificant. The activity concentrations of ^^Ra, ^^^Th and for all sand samples 
were found to lie in the range of 1.6±0.1<->83.1±1.2, 0.3±0.1<-^73.9±1.5,
1.9±0.2<-^1,376±144 Bq kg'^ with the average mean value of 22.6±0.1, 26.4±0.1 and 
523.0±6.6 Bq.kg'^ respectively. The results obtained from the beach sand are higher than 
the range for ^^^Ra and ^^^Th in soil as reported by the UNSCEAR (2000) which are 17- 
60 and 11-64 Bq.kg"\ However, the mean values of ^ ^^Ra and ^^^Th are still lower than 
that of worldwide average values which are 35 and 30 Bq.kg'^ respectively. The activity 
concentration of in the studied samples is higher than the worldwide average 
concentration which is 140-850 Bq.kg"^ with the mean values of 400 Bq.kg"\ This may 
be because all measured samples are beach sands which can be washed out by potassium 
in the ocean waters and more potassium was then absorbed into the sand surface. The 
acivity concentrations of ^ ^^Ra, ^^^Th and from the current work are consistent with 
the values reported by others in sand as shown in Table 4-8.
The calculated external and internal hazard indices for sand samples obtained in this study 
ranges from 0.01-0.50 and 0.01-0.72 respectively while the radium equivalent activity 
varied from 2.8-184.8 Bq.kg“  ^ which are lower than the internationally approved values 
(<1 for //ex and ETm , and <370 Bq.kg"^ for Ra^g) [UNSCEAROO]. The indication from the 
current work is that none of beach sand samples studied could be considered as a 
radiological hazard to people who were exposed to these sand samples on the beaches and 
the monitored areas are at the typical local level of radioactivity from natural background 
radiation. It is also noted that the small variation in the radioactivity content o f sand 
samples can be observed due to the geographical and géomorphologie conditions such as 
sand type, mineral make-up, density and sand transport process.
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Table 4-8 The specific activities of U, Ra, ^^ T^h, and ^^ ’Cs in the beach sand and soil samples
Location Activity concentration (Bq.kg'* dry)
238u 232Th 4«k "'Cs
Beach sand 
Patong Beach, Phuket, 
Thailand [B0007]
- 0<->67.8
(8.9)
04-^335.3
(42.4)
04->4330.9
(963.1)
0 ^ 1 .6
Chalatat and Samila Beach 
Songkhal, Thailand [BEN07]
0<-^210.8
(41.4)
04-^318.8
(63.8)
89.24-^963.4
(247.8)
04-49.4
(1.0)
Pakmeng Beach, Trang, 
Thailand [AYU07]
3.94-^27.4
(13.1)
2.3^15.4
(6.9)
33.34-^85.2
(57.3)
Kalpakkam, India [KAN02] 36<-»^ 258
(124) ■
3524-^3872
(1613)
3244-^405
(358)
Balochistan coast, Arabian sea, 
Pakistan [AKR07]
14.44-^36.6
■
144.6^610.5
Red Sea Coast, Egypt [ELA05] - 10.04^64.0 9.04->37.4 4214-^969 -
Ezien region, Turkey [ORG07] 290.36 - 532.04 1160.75 -
Southeast coast, Brazil [VEI06] - 5 ^4043 ?4->55537 25^ 888 -
Northeast Coast, Spain 
[R0S91]
5<-»19 - 5<-^44 136^1087 <0.l4-4l.0
West coast. South Africa 
[NEW08]
4.0 - 4.8 33.5 -
Present work. West and east 
coast, Thailand ■
1.6^83.1
(22.6)
0.34-^73.9
(26.4)
1.94->1375.6
(523.0)
Songkhla, Thailand [OAP02] ^ 97.3<->721.3 37.1^471.0
(171.6)
36.1'^^676.9
(211.2)
43.4^816.1
(511.0)
0.84-»-1.4
(1.1)
Hatyai District, Songkhla, 
Thailand [KES08]
25.7^156.1
(67.7)
6.84-^91.3
(45.0)
62.4^949.4
(213.0)
Kalpakkam, India [KAN02] 5 ^ 7 1
(16)
154^776
(119)
200^ 854
(406)
<1.0^2.8
Qena governorate, Egypt 
[AHM05] ■
7 .7^16 .9
(13.7)
10.0^16.1
(12.3)
8384-^1692
(1233)
Cox’s Bazar, Bangladesh 
[ALA99]
10.8^27.3
(19)
27.4^49.4
(36.7)
1174-^688
(458.2)
Byers Peninsula, Western 
Antarctiea [NAV05]
5 ^ 3 6
(16.2)
3 ^ 1 4
(8.0)
4 ^ 3 1
(13.1)
1254-^810
(317.1)
0.54-^4
(1.2)
Araba Valley, Jordan [ABU08] 19<->38.7 - 14.34-^35 944-4 7^62 -
Tripoli, Libya [SHE97] 10.5 - 9.5 270 -
Firtina Valley, Turkey[KURO7] 11<->188 - 10^105 105^1235 194-^232
Faisalabad, Pakistan [TUF06] - 244-^33 46<->62 4994-^629 -
a Data collected and analysed by Offiee of Atoms for Peace(OAP) in Thailand during 1994-2002[OAP02] 
Values in parentheses represent an average of the activity concentration.
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4.7.6 External Gamma Dose Rate
The gamma dose rate (D) in nGy.h”  ^ in the outdoor air at 1 m above the ground is 
calculated using the following equation [UNSCEAROO].
D  = 0 A 62A ^  + 0 .6 0 4 ^  + 0.0417^^ (4.15)
where D is the dose rate in nGy.h“  ^and^Ra, Ajh. and are the specific activities (in units 
of Bq.kg'^) of^^^Ra, ^^^Th and"^°K, respectively.
For the ‘Patong’ beach sand sample collected from the beach front (PKPT-1) the 
extracted values were; ^Ra=13.4±0.2 B q.kg'\ y4Th=22.6±0.4 Bq.kg"\ and ^ k = 655 .4± 68 .7  
Bq.kg'^
Therefore, the air-absorbed dose rate due to the gamma-ray emission from the “Patong” 
sand samples is external dose rate = (0.462x 13.4)+(0.604x 22.6)+(0.0417x 655.4)= 
47.2±2.9 nGy.h'^
To estimate the annual effective dose rate; the conversion factor of 0.7 Sv.Gy~^ 
[UNSCEAROO] from the absorbed dose in air to the effective dose received by adults and 
outdoor occupancy factor, assuming that people in Thailand spend approximately 20% of 
their time outdoors, have been applied. Under these assumptions, the annual effective 
dose was calculated using the following relation [DRA06]
A 1 xa? A* J / Cl -1\ 10 Gy h day 10  ^mOy SvAnnual effective dose (mSv.y ) = D {  )x  24— x 365— x — — ----- x 0.7— x 0.2
h day y  10 Gy Gy
= D x 1.22x \QT^ mSv.y~^ (4 .16)
Therefore, the annual effective dose from the “Patong” beach sand sample (PKPT-ID) 
=47.2x1.23x10-^=0.058 mSv.y"^=58.0 pSv.y"^
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Table 4-9 The absorbed dose rate and annual effective dose rate caused by "‘"“’Ra, '‘"’^ Th, from the 
sand samples in the current study.
Beach sand 
sample
Absorbed dose 
rate (nGy.h"^)
Effective dose 
rate (laSv.y'^)
West coast 
PKPT-1 47.2±2.9 57.9±3.5
PKPT-2 38.2±2.1 46.84=2.6
PKPT-3 42.2±1.5 51.2±1.8
PKSR-1 33.2±2.3 40.84=2.9
PKSR-2 23.5±1.4 28.84=1.6
PKKT-1 28.4L1.6 34.842.0
PKKT-2 20.5±1.0 25.141.2
PKKT-3 23.3T1.3 28.641.6
PKRW-1 23.8±0.6 29.240.8
PKRW-2 18.8±0.9 23.141.1
PKRW-3 18.1±0.8 22.141.0
PKCL-1 43.7±2.0 53.642.4
PKAP-1 13.0±0.4 16.040.5
PKNT-1 73.4±4.9 90.046.0
PKNT-2 51.6±2.6 63.343.2
PKNT-3 61.74:2.7 75.743.3
PKMK-1 31.9±0.6 39.140.7
PKMK-2 23.9±0.5 29.440.6
PKMK-3 26.4±0.6 32.440.7
PNKL-1 34.7±0.8 42.541.0
PNKL-2 73.54=1.1 90.241.3
PNKL-3 55.44=1.0 67.941.2
PNTM-1 26.1±0.4 32.040.5
PNTM-2 24.54:0.4 30.040.5
KBNT-1 3.0±0.1 3.740.1
KBNT-2 4.1±0.1 5.140.1
PPTS-1 3.4±0.1 4.240.1
PPDI-2 13.3±0.5 16.340.7
PPLD-3 1.54=0.1 1.940.1
PPBB-1 1.4±0.1 1.740.1
PPBB-2 1.3=t0.1 1.640.1
Beach sand 
sample
Absorbed dose 
rate (nGy.h"^)
Effective dose 
rate (pSv.y" )^
East coast 
CPHSR-1 6.040.1 7.440.2
CPHSR-2 4.840.1 5.940.1
CPHSR-3 4.940.1 6.040.1
CPLS-1 26.441.5 32.441.8
CPLS-2 24.641.4 30.141.6
CPLS-3 22.941.3 28.041.6
STCY-1 54.542.7 66.943.3
STCY-2 28.441.2 34.741.5
NSKN-1 44.342.9 54.443.6
NSKN-2 40.842.4 50.043.0
NSKN-3 36.541.8 44.842.2
SMCW-1 30.142.2 36.942.8
SMCW-2 27.241.8 33.342.2
SMCW-3 28.041.3 34.341.6
SMLM-1 70.045.4 85.846.6
SMLM-2 38.442.2 47.042.7
SMLM-3 60.844.4 74.645.4
SMTNG-1 21.240.8 26.041.0
SMTNG-2 23.241.0 28.541.3
SMLN-1 75.746.0 92.847.4
SMLN-2 53.143.8 65.244.6
SMBP-1 35.141.7 43.042.1
SMBP-2 42.242.6 51.843.2
KPNRN-1 24.741.9 30.242.3
KPNRN-2 21.441.6 26.242.0
KPNRN-3 26.741.2 32.741.5
KPNKM-1 80.343.5 98.544.3
KPNKM-2 75.542.7 92.643.3
KPNKM-3 86.442.5 105.943.1
The gamma absorbed dose rates due to ^^^Ra, ^^^Th and in sand samples varied in the
range 1.3±0.1 to 86.4±2.5 nGy.h'^ with an average value of 48±1 nG y.h'\ Assuming a 
20% outdoor occupancy factor, the corresponding annual effective dose varied from 
1.6±0.1 to 105.9±3.1 pSv with mean of 59.Ü0.3 pSv or 0.059 mSv.y'^ which was found 
to be significantly lower than the worldwide average value of 0.07 mSv.y"^ for the annual 
outdoor effective dose as reported by [UNSCEAROO].
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The similar measured activity concentrations for ^^ R^a, and in the uranium 
chain verify that ^^Ra decay products are in radioactive equilibrium with their parent in 
the sand samples. However, for the radium precursors (from to ^^ °Th) this 
equilibrium could not be uniquely established in the current work. Therefore, in the 
present work three possible assumptions of the behaviour of decay chain in the 
studied sand samples are suggested:
(i) The whole chain o f is in equilibrium. Natural disturbances or sample 
preparation could not interrupt the radioactive equilibrium in the samples 
resulting in the small differences in the activity of ^ "^^ Pb and ^^ “^Bi growth 
curves as a function of time in Figure 4-6.
(ii) The radioactive equilibrium had been established only in part of the decay chain 
in the sand samples, starting from ^^ R^a prior to ^^ °Pb. Daughter isotopes of 
^^ R^a grow in rapidly and approach activity equilibrium with their parents in 
about 2 hours. Beyond that time the growth curve is relatively slow since ^^^b 
which has a 22.3 year half-life had been created [EIS97]. It would take about 
150 years to reach equilibrium with the ^^ R^a. Therefore, significant amounts of 
^^ °Pb are assumed not to be present in the samples.
(iii) The radium activity in the decay chain can arise from the parent decay of
and/or from ^^ R^a itself. Since compounds o f ^^ R^a are soluble in 
water, radium nuclides are mobile and may be introduced along with any 
water, precipitate and leached out due to chemical pressure and 
temperature changes [WIL94].
As an unpredictable manner of radionuclides in the uranium chain as mentioned above 
may cause disequilibrium between Ra and its parent, U, it might be suggested that 
discussion on ^^ R^a activity would be more correct (rather than activity). In addition 
to measuring the content from the contribution to the gamma-ray energy at the 186 
keV, can also be estimated from other gamma transitions at 144, 163 and 205 keV 
with branching ratios o f 10.96, 5.08, and 5.01% respectively. The uranium isotopic 
abundance could be, in turn, calculated using the results from the 1001 keV 
(0.837%) transition energy o f ^ '^^ "’Pa [EBA09] and results which are averaged from 
the three gamma-ray energies as previously mentioned. However, since those gamma-ray 
energies subject to low emission probabilities, measurements of such energies are likely 
to suffer from high uncertainties and summing possibilities that would have to be corrected.
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C hapter 5
5 Conclusions
Growth curves of total activity in the uranium and thorium chains have been investigated 
to study radioactive equilibrium phenomena in the studied sand samples (CPHSR-1). The 
small differences in the activity of each growth curve as a function of time indicate that 
the radioactive equilibrium was been maintained in the studied samples and no significant 
loss of any of the (gaseous) radon decay products occurred during sample storage. The 
rapid growth curves to the activity equilibrium of daughter isotopes with the respective 
parents may have resulted from; (i) accumulation o f bismuth and lead in natural sand 
samples, (ii) any appreciable radon loss would be from the surfaces of a sand sample 
while the bulk being retained within the body of the sample, and (iii) the longest half-life 
of radionuclides prior to ^^ ®Pb in the uranium chain is ^^ "^ Pb with the half-life of 26.8 
minutes, therefore the radioactive equilibrium would be achieved in about 2 hours. The 
radioactivity distribution in beach sand samples was measured at different distances from 
the seashore. The activity concentrations of and ^^ T^h at the beachfront are 
comparable to that at 10 and 20 metre distances from the seashore except in KPNKM 
samples which contain relatively high activity associated with the decay chain. The 
activity concentration of"^ °K at the beachfront was significantly higher than that at 10 and 
20 metres from the beach. This may be because at the beachfront was ‘washed-ouf by 
potassium contained in the ocean waters which was then deposited on the sand surface at 
the seashore. It should be noted that the variation in radioactivity in samples also 
depended on the grain size o f the samples, the mineral composition of the original 
material and the combined processes of solution and adsorption during the process of 
sedimentation [H0047].
The activity ratios of ^^ R^a/^ '^^ Pb and for all the sand samples are close to
unity. This means that the activity of ^ ^^ Ra, ^^ "^ Pb, and ^^%i are approximately equal and 
that radioactive equilibrium had been established in the sand samples under study. The
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concentrations of and were found lie in the ranges 0.12-6.68, 0.19-18.24
ppm and 0.01-4.50% with mean values of 1.28, 4.40 ppm and 1.19% respectively. The 
highest U concentration (6.68 ppm) was measured in the KPNKM sample which 
corresponds to the formation of the granite rock. Lower values are found in other 
sedimentary rocks. The lowest U, Th and K concentrations were present in the PPBB 
sample with values of 0.12 ppm, 0.19 ppm and 0.01% respectively. These values are 
associated with limestone formations in the samples because the radionuclide contents 
cannot easily enter the carbonate lattices. The variation of the concentrations of 
^^ T^h, and "^ °K are not only influenced by the geological features underlying the studied 
area but also the geochemical properties of the different rock types. The Th/ U ratio 
was found line in the range from 1.38 to 5.94 with the mean value of 3.57. The results 
show that the area under investigation have uranium and thorium contents in the typical 
rock range with the ^^ T^h/^ ^^ U ratio close to the continental crustal average concentration 
of 3.82 reported by the NCRP (1987). Chiozzi et al. [CHI02] state that the agreement of 
these two values suggests that there is no significant fractionation during weathering or 
associated with the metasomatic activity in the monitored area. The correlation between 
and ^^ T^h concentrations approximately in linear relatinoship with a good 
correlation coefficient of 0.93 excluding the data from the KPNKM samples which 
contain anomaly in uranium enrichment reflected from the occurrence of granite rock.
The activity concentrations of ^ ^^ Ra, ^^ T^h and "^ °K for sand samples from the west coast 
lie in the range of 1.6±0.1<->52.5±0.8, 0.3±0.1'^^73.9±1.5, and 2.8±0.1<-^1112±117 Bq.kg”  ^
respectively. By contrast, the activity concentrations of ^ ^ a , ^^ T^h and "^ °K for sand 
samples from the east coast lie in the range of 3.5±0.1<e->83.1±1.2, 4.5±0.1<^42.0±0.9, 
and 9.6±1.1<-^1376±144 Bq.kg“  ^ respectively. It can be seen that the difference in 
radioactivity levels between sand samples from the west and the east coast of Thailand is 
insignificant. The activity concentrations of ^^Ra, ^^ T^h and "^®K for all sand samples 
were found to lie in the range of 1.6±0.1<-^>83.1±1.2, 0.3±0.1<-^73.9±1.5,
1.9±0.2<->1376±144 Bq.kg'  ^ with the average mean value of 22.6±0.1, 26.4±0.1 and 
523.0±6.6 Bq.kg"^  respectively. The results obtained from the beach sand are higher than 
the range for ^^Ra and ^^ T^h in soil as reported by the UNSCEAR (2000) which are 17-60 
and 11-64 Bq.kg“\  However, the mean values of^^^Ra and ^^ T^h are still lower than that of 
worldwide average values which are 35 and 30 Bq.kg'  ^ respectively. The activity
127
concentration of in the studied samples is higher "than the worldwide average 
concentration of 140-850 Bq.kg”  ^ with the mean values of 400 Bq.kg”  ^ This may be 
because all measured samples are beach sands and could be washed out by potassium in 
the ocean waters with the result of more potassium then being absorbed into the sand 
surface. The activity concentrations of ^^ R^a, ^^ T^h and from the current work are 
consistent with the values reported by previous studied for sand in Thailand and other 
countries.
The calculated external and internal hazard indices for sand samples obtained in this study 
range from 0.01-0.50 and 0.01-0.72 respectively while the radium equivalent activity 
varied from 2.8-184.8 Bq.kg“  ^ which are lower than the internationally approved values 
(<1 for i/ex and , and <370 Bq.kg'  ^ for Ra^ g) [UNSCEAROO]. The indication from the 
current work is that none of the beach sand samples studied could be considered as a 
radiological hazard to people who were exposed to these sand samples on the beaches and 
the monitored areas are at the typical local level of radioactivity from natural background 
radiation. It is also noted that the small variation in the radioactivity content o f sand 
samples can be observed due to the geographical and géomorphologie conditions such as 
sand type, mineral make-up, density and sand transport process. The gamma absorbed 
dose rates due to ^^Ra, ^^ T^h and in sand samples varied in the range 1.3±0.1 to 
86.4±2.5 nGy.h'  ^ with an average value of 48±1 nGy.h'\ Assuming a 20% outdoor 
occupancy factor, the corresponding annual effective dose varied from 1.6±0.I to 
105.9±3.1 pSv with mean o f 59.1±0.3 pSv or 0.059 mSv.y*  ^ which compares to the 
worldwide average value of 0.07 mSv.y'  ^for the annual outdoor effective dose as reported 
by [UNSCEAROO].
Since ^^ U^ could be estimated from other gamma transitions which are 143.76, 163.33 
and 205.31 keV gamma-ray energies, it would be suggested to determine the contribution 
of^^^U to the 186 keV from those energies and estimate the ^^ U^ activity from gamma-ray 
energy at 1001 keV of However, low emission probabilities and summing
possibilities in gamma-ray energies including inconsistencies in the nuclear data may 
cause the unexpected results. Thus low-level radioactivity measurements in 
environmental samples could be more complicated and should be made with care.
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Appendix B 
Example of Calculation
• Determination of the Source Activity
The present activity of the source used in this experiment to be a gamma 
reference source was calculated based on the experiment date (30^ March 2009) is shown 
below.
^^ E^u source in marinelli beaker (Serial no. S313.PH); Original activity 3.02 kBq; 
Activity Date. Febuary 2009 and Half life 13.51 years
Where: A = Current activity 
Ao = Original activity 
t -  Time difference
fi/ = Half lifei
/2
The activity on 30^  ^March 2009 is:
Current activity = n/.i/( 1 /0 2 /2 0 0 9 - 3 0 / 0 3 / 2 0 0 9 ) /  
/ 1 31 3 .5 1 ;r
The activity of the *^ E^u source is = 2.996 kBq
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Determination of the best estimate of weighted mean from the “Patong” 
beach sand sample in ^^ T^h decay series
Energy (keV) Activity (Bq kg' )^
911.2 23.4+0.9
968.9 24.9+1.1
583.2 21.6+0.7
860.5 24.6+1.3
2614.5 22.8+1.0
A weighting factor can be defined as 
1w,=~Y  
O' i
The weighted mean is given by 
Y ,w,M,
i
And the standard error of the weighted mean is given by
-
1
Wy + W2 + ..... +
For the data in this example:
Wy X My
23.4+0.9 0.81 1.2345 28.89
24.9+1.1 1.21 0.8264 20.58
21.6+0.7 0.49 2.0408 44.08
24.6+1.3 1.69 0.5917 14.55
22.8+1.0 1.0 1.0000 22.80
^  Wy =5.6934 E l  WyMy =130.90
130.90
5.6934
= 23.0
- Wi + w, + ..... + V 5.6934
= 0.4
Therefore, the best estimate of the true mean is 23 .0+0.4
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« Determination of the activity concentration of
Determination of activity concentration of in a sand sample is performed on the 
basis of identification o f a peak in the spectrum at 1460.8 keV.
The corresponding activity concentration of^°K in the sample is calculated as;
.4 = _______^ ----------
sft^mK^K^K^K^K^
with;
N = N s - ‘-^N,
h
using the following experimental values:
Ns= 48,574 (the net peak area in the sample spectrum)
Vj =167 (the net peak area in the background spectrum)
= 172,800 sec (sample live counting time)
= 172,800 sec (background live counting time)
N  = 4 8 , 5 7 4 1 6 7  = 48,407 
172,800
M=0.824 kg (sample mass)
£■= 0.00506 (detection efficiency at 1460.7 keV)
Ty = 1.277 X10^  years
/2
/  =0.1067 is the emission probability of the 1460.7 keV gamma line
is the decay correction factor. In this study, the period (Af) between sampling date and 
measuring date is 210 days, ( Af « T y  = 1.277x 10^  years) then:
= exp
In2- Af
=  1.0
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Kj is the correction factor for the nuclide decay during counting. Because =172,800
se c « T ^  = 1211X 10^  years, this correction factor is:
/2
^2 = ln(2).f.
1-exp
r w
ln(2).(
V
=  1.0
/y
is the correction factor for self-attenuation in the measured sample compared with the 
calibration sample. This correction factor must be taken into account when matrix of 
calibration sample and measured sample is not the same. For this sample, the correction 
factor is:
JUX
is the correction factor for loss due to random summing. If we assume that resolution 
time (r )  of system is r = 4jus and the mean total count rate R = l p / s Q C  then this 
correction factor is:
K  ^= Qxp{-2RT)= 0.9999
For radionuclide the coincidence correction factor =1.0 because this radionuclide 
has no cascade of successive photon emission.
Finally we get for activity concentration o f i n  the sample:
A = N 48,407syt^mK.K.K^K.K, 0.00506- 0.1067-172,800- 0.824-1.0-1.0-1.0- 0.9999-1.0
A = 630 Bq.kg'^
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Figure 1: Efficiency spectra collected from 4 standard sources for 86400s (i.e one day)
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Appendix D
Table 1 Geographical locations and identification of sand samples collected from west and east coast 
of Thailand
Sample code Sample location/Distance 
form the seashore Weight+0.01
Geographical location
Longitude (®E) Latitude ("N)
West coast
PKPT Hat Patong, Phuket
PKPT-1 Om 824.03 98°1735.5" 7=53'27.6"
PKPT-2 10 m 920.93 98°1735.6" 7=5337.5"
PKPT-3 20 m 983.72 98°1736.1" 7=5337.3"
PKSR Hat Surin, Phuket
PKSR-1 Om 940.96 98°16'42.5" 7=5831.2"
PKSR-2 10 m 1024.16 98°16'42.7" 7=58313"
PKKT Hat Kata Noi, Phuket
PKKT-1 Om 908.47 98°1736.2" 7=4830.5"
PKKT-2 10 m 1010.36 98°17'56.5" 7=4830.5"
PKKT-3 20 m 945.35 98°17'56.7" 7=4830.5"
PKRW HatRawai, Phuket
PKRW-1 Om 928.00 98H937.4" 7=4648.2"
PKRW-2 10m 927.09 98H917.2" 7=4648.2"
PKRW-3 20m 908.21 98H917.2" 7=4648.6"
PKCL-1 ChalongBay, Phuket 876.69 98°20'41.1" 7=4944.4"
PKAP-1 AoaPo, Phuket 1005.34 98°25'553" 8=339.8"
PKNT HatNai Ton, Phuket
PKNT-1 Om 922.50 98H638.4" 8=337.0"
PKNT-2 10m 1026.52 98=1638.7" 8=336.9"
PKNT-3 20 m 1008.78 98=16393" 8=3373"
PKMK Hat Mai Khao, Phuket
PKMK-1 Om 1044.47 98=183.19" 8=732.90"
PKMK-2 10 m 1073.65 98=183.86" 8=732.99"
PKMK-3 20 m 1052.28 98=183.34" 8=733.01"
PNKL Hat Kho Lak, Phang-Nga
PNKI l^ Om 979.78 98=1447.4" 8=3839.8"
PNKL-2 10m 1007.34 98=1447.9" 8=3839.7"
PNKL.3 20 m 988.41 98=1448.2" 8=3839.5"
PNTM Hat Tai Mueng, Phang-Nga
PNTM-1 Om 1044.16 98=1448.1" 8=244.7"
PNlM-2 10m 1044.68 98=1448.2" 8=244.9"
KBNT Hat Nopparat Thara, Krabi
KBNT-1 Om 926.66 98=4831.2" 8=235.8"
KBNT-2 10 m 1030.66 98=4831.1" 8=2363"
PPTS-1 Tonsai Bay, Phi Phi Island, 921.89 98=4642.8" 7=4449.2"
PPDI-2 Phi Phi Don, Phi Phi Island, 997.72 98=4642.6" 7=4432.2"
PPLD-3 Lohdalam Bay, Phi Phi 932.42 98=4643.3" 7°44'24.7"
PPBB Bamboo Island, Krabi
PPBB-1 Om 889.68 98=4731.7" 7=493.5"
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PPBB-2 10 m 930.00 98=4730.9" 7=4836.6"
East coast
CPHSR Hat Sai Ri, Chumpom
CPHSR-1 Om 968.80 99=16'47.9" 10=2331.5"
CPHSR-2 10 m 1004.26 99=1647.5" 10=2331.5"
CPHSR-3 20 m 1004.75 99=1647.0" 10=2331.4"
CPLS Hat Lame Son, Chumpom
CPLS-1 Om 870.20 99=94.1" 9=5840.6"
CPLS-2 10 m 937.21 99=93.8" 9=5840.5"
CPLS-3 20 m 964.11 99=93.9" 9=5840.5"
STCY Hat Chaiya, Suratthani
STCY-1 Om 956.83 99=1643.4" 9=2238.0"
STCY-2 10 m 994.09 99 =1643.3" 9=2238.4"
NSKN HatKhonom,
NSKN-1 Om 974.85 99=5237.7" 9=1035.0"
NSKN-2 10 m 991.54 99=52373" 9=1035.1"
NSKN-3 20 m 1017.17 99=5237.0" 9=1035.1"
SMCW Hat Chaweng, Koh Samui, 
Suratthani
SMCW-1 Om 985.70 100=333.7" 9=3149.2"
SMCW-2 10m 1001.53 100=333.5" 9=3149.5"
SMCW-3 20 m 1010.01 100=333.2" 9=3149.6"
SMLM Hat Lamai, Koh Samui, 
Suratthani
SMLM-1 Om 981.90 100=246.0" 9=2730.5"
SMLM-2 10 m 1026.58 100=245.9" 9=2730.6"
SMLM-3 20 m 1024.22 100=245.2" 9=2730.9"
SMTNG Hat TalingNgam, Koh 
Suratthani
SMING-1 Om 981.68 99=55383" 9=2739.6"
SMTNG-2 10 m 961.63 99=5538.6" 9=2739.6"
SMLN Hat LipaNoi, Koh Samui, 
Suratthani
SMLN-1 Om 961.49 99=5643" 9=303.6"
SMLN-2 10 m 959.25 99=564.4" 9=303.7"
SMBP Aao Bo Phut, Koh Samui, 
Suratthani
SMBP-1 Om 1001.72 100=13.0" 9=3338.0"
SMBP-2 10 m 97633 100=13.6" 9=3337.7"
KPNRN Hat Rin Nok, Koh Phangan, 
Suratthani
KPNRN-1 Om 929.24 100=43.2" 9=4037.5"
KPNRN-2 10 m 938.02 100=43.4" 9=4037.8"
KPNRN-3 20 m 98635 100=44.8" 9=4037.9"
KPNKM Hat Koh Ma, Koh Phangan, 
Suratthani
KPNKM-1 Om 944.60 99=58'48.6" 9=4748.3"
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A B S T R A C T
A  h y p e r -p u re  g e rm a n iu m  d e te c to r -b a s e d  g a m m a -ra y  s p e c tro sc o p y  lo w  b a c k g ro u n d  c o u n t in g  s y s te m  
w a s  u s e d  to  d e te r m in e  th e  le v e ls  o f  n a tu ra l  ra d io a c tiv ity  fro m  b e a c h  s a n d  s a m p le s  a lo n g  th e  A n d a m a n  
c o a s t o f  T h a ila n d  fo llo w in g  th e  2 0 0 4  ts u n a m i.  T h e  a c tiv i ty  c o n c e n tra t io n s  o f  ^ ^®Ra, ^^^Th a n d  ‘‘°K w e re  
fo u n d  to  lie  in  th e  r a n g e  o f  2 .7  ± 0 .1  «->23.5 ± 0 .4 ,  3 .0  ± 0 .1  <-+34.6 ± 0 .6 ,  1 0 .7  ± 0 .9 < -+ ^6 5 4 .3 ±  2 1 .6  Bq 
k g ” • re s p e c t iv e ly . T h e  to ta l  g a m m a  a b s o rb e d  d o s e  r a te  in  a i r  a t  1 m  a b o v e  th e  g r o u n d  s u r fa c e  ra n g e s  
fro m  3 .5  ±  0.1 to  5 2 .8  ±  0 .9  nG y  h  ”  ' w i th  a n  a v e ra g e  v a lu e  o f  31 ±  1 n C y  h ”  ' c o r re s p o n d in g  to  a n n u a l  
e ffe c tiv e  d o s e  o f 0 .0 3 8  m Sv. T h e  l a t t e r  w a s  fo u n d  to  b e  s ig n if ic a n tly  lo w e r  th a n  th e  w o r ld  a v e ra g e  v a lu e  
o f  0 .0 7 m S v y ” * fo r o u td o o r  a n n u a l  e ffe c tiv e  d o se , a s  r e p o r te d  b y  UNSCEA R(2000) b u t  c o n s is te n t  w i th  
v a lu e s  fo r s a n d  fo u n d  b y  o th e rs . T h e  re s u l ts  f ro m  th i s  s tu d y  w ill b e  u s e d  to  e s ta b l is h  a  rad io lo g ic a l 
b a s e l in e  m a p  in  T h a ila n d  a n d  u s e d  a s  re fe re n c e  in fo rm a tio n  to  a s s e s s  a n y  a l te r a t io n s  in  th e  r a d io a c tiv ity  
b a c k g ro u n d  level d u e  to  th e  c h a n g e s  in  th e  to p o g ra p h y  o f  th e  lo c a tio n , o th e r  d e v e lo p m e n ts  a ro u n d  th e  
a r e a  o r  a n y  a r tf ic ia l in f lu e n c e s  o n  th e  e n v iro n m e n t .
© 2 0 0 9  E lse v ie r  B.V. A ll r ig h ts  re s e rv e d .
1. Introduction
Human beings are exposed to low levels of ionizing radiation 
from natural sources during their daily lives. Naturally occurring 
radioactive materials (NORM) are present in the wider environ­
m ent such as foods, soil, water, air, building materials, including 
the human body itself (such as and in bones) (1 ]. Since the 
largest contribution (about 87%) of the radiation dose received by 
the world’s population is due to natural radiation sources, it is 
important to assess the radiation doses in order to limit possible 
health effects on humans from such natural sources.
Primordial radionuclides are typically long lived, with half-lives 
a t least comparable to the estimated age of the earth (4.5 x 10^  yr) 
[2] and are distributed widely throughout the earth and oceans. 
The most important primordial radionuclides are (half-life 
1.28xl0® yr), (half-life 4.47xlO®yr) and ^^^Th (half-life 
1.41 X 10’°yr) [3]. Some other terrestrial radionuclides including 
those of the series, ®^ Rb, ’^^La, and ^^ ®Lu are also known
but their effects are typically neglected as they contribute such low 
levels to the total dose from natural background (4).
According to Gonzalez [5], some natural processes such as 
volcanic eruptions, mineral water springs, erosion and move­
m ents of sand can bring fractions of this huge radioactive 
inventory into the human habitat. An Indian Ocean earthquake
' Corresponding author.
E-mail address: d.malain@ surrey.ac.uk (D. Malain).
on 26th December 2004 below Sumatra, measuring approxi­
mately 9.3 on the Richter scale attacked the 17 countries 
of Sri Lanka, India, Indonesia, Thailand, Malaysia, Myanmar, 
Maldives, Bangladesh, Somalia, Seychelles, Madagascar, Mozam­
bique, Mauritius, South Africa, Australia, Tanzania and Kenya [6]. 
A sudden displacement of a large volume of w ater due to a 
massive rise or drop in sea level caused by this earthquake 
generated destructive tsunami waves. In Thailand, a series of large 
waves hit the Andaman coast impacted severely on the six coastal 
provinces along the Andaman Sea, namely: Ranong, Phang-Nga, 
Phuket, Krabi, Trang and Satun. The movement of sea w ater and 
sand caused by the tsunami may have transferred radioactivity 
from other areas (for example, the ocean floors) onto the beaches, 
increasing the environmental dose rate due to NORM. Therefore, 
this study is an attem pt to determine the activity concentrations 
of ^^®Ra, ^^^Th, ’^ ^K including estimates of the equivalent dose 
rate in air a t 1 m above the ground surface presented along the 
Andaman coast of Thailand following the tsunami. These will be 
compared to measurements on the eastern coast of Thailand 
which was not exposed in the tsunami.
2. Materials and methods
2.J. Sampling and sample preparation
Beach sand samples were collected by a random choice from 
six different locations along the west and east coast of Thailand
0168-9002 /$-se e  front m a tte r 8  2009 Elsevier B.V. All rights reserved. 
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442 D. Malain eC al. /  Nuclear Instruments and Methods in Physics Research A 619 (2010) 441-445
during August 2008 as shown in Fig. 1 covering six provinces: (1 ) 
Phang-Nga; (2) Phuket; (3) Krabi; (4) Chumpom; (5) Suratthani; 
and (6) Nakornsrithammarat. About 2 kg of sand was collected for 
each sample from the ground surface (down to a depth of 5 cm). 
After collection, sand samples were first dried at room tem pera­
ture to remove moisture and then oven dried at a temperature of 
50 T  for 24 h to obtain a constant weight, crushed and passed 
through a 500 pm  sieve to ensure homogeneity of the sample. 
Samples of approximate mass 900 g each were placed in 550 ml 
Marinelli beakers (made from polyethylene plastic) which were 
sealed with a PVC tape, diy weighed and stored for about four 
weeks to allow radioactive equilibrium of ^^^Rn with its parent 
(^^‘'Ra) in an uranium chain.
2.2. Gamma-ray spectrometry
A high-resolution, low background gamma-ray spectroscopy 
system, based on a passively shielded hyper-pure germanium 
detector was used to measure the gamma-ray spectra emitted 
from the prepared samples. The HPCe coaxial detector used 
had a measured energy resolution of 2.08 keV (FWHM) and an 
absolute photopeak gamma-ray efficiency of approximately 0.2% 
a t 1332 keV. The detector was shielded by a 10 cm thick lead wall 
internally lined with 1 mm copper sheet for additional absorption 
of lead K X-rays. A pre-prepared source standard of ^^^Th and its 
decay chain members, with energies up to 2.6 MeV was used to 
perform an energy calibration which covered the entire range 
over which the spectrometer was used. Reference sources made 
from ^^^Th, ^^®Ra, '^^Eu and NG3 (a mixed radionuclide source 
containing '°®Cd, ’^^Ce, ^^^Cs, ®°Co, ^^Co, ” ^Sn, ®^ Sr
and ®®Y) in the same Marinelli beaker geometiy as used for the 
samples were employed for the absolute efficiency calibration of
the system. The spectrum analysis was performed by the com­
puter software Genie2000 obtained from CANBERRA. The mea­
surement time for both background and samples was 172,800 s 
(i.e. 48 h) in order to gain a good counting statistics for each 
sample. Background spectra, collected with de-ionised, water 
filled blanks, were also collected and used to correct the net peak 
area of gamma rays of the measured isotopes. The shape of Patong 
sand sample spectrum with radionuclide identification is shown 
in Fig. 2.
The absolute efficiency curve (see Fig. 3) of the detector used in 
the current work was fitted using the following polynomial 
described by Gray and Ahmed [7]
p )  =  [p , 4-P2 ln ( E ) + p 3  I n 4 f ) + P 4  l n ^ £ ) + p 5  l n ^ ( £ ) + p 6  In ^ ( £ ) ] /£
where t: is the absolute photopeak efficiency and £ represents 
energy in MeV.
2.3. Calculations
The efficiency correct intensities of the measured discrete 
gamma-ray lines of energies 911.2,968.9 (^ ^®Ac), 583.2,850.5 and
2614.5 keV (^°®Tl) were used to determine the activity concentra­
tions of ^^^Th; the gamma-ray lines at 351.9 (^ "^^Pb), 609.3,
1120.3,1238.1 and 1764.5 keV (^ '“^Bi) were used to determine the 
activity concentrations of ^^ ®Ra (from the decay chain); 
while the 1460.8 and 661.6 keV transitions were used to deter­
mine the activity concentrations of and ’ ’^Cs, respectively. 
The weighted means for the activity was also taken into account 
in order to achieve the best estimate of these values. The use of 
independent measurements multiple discrete gamma-ray lines 
from the same decay chains allows a signficant reduction in the 
statistical uncertainty of the derived activity concentrations
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compared to the use of a single transition [8], The activity levels 
for radionuclides of interest in the measured samples were then 
computed by using the following equation [9]
/l = eP-m
where A is the activity level of a certain radionuclide in Bqkg“ \  C 
is the net counting rate of the corresponding photopeak, in count 
per second, £ is the efficiency at photopeak energy, Py is the 
emission probability of the gamma line corresponding to the peak 
energy m is the mass of the measured sample, in kg.
Determination of activity concentrations also requires knowl­
edge of specific correction factors including, a self-attenuation 
correction, decay- and life-time correction and coincidence 
correction. These have been applied to the analysis where 
appropriate.
The minimum detectable activity (MDA) for the gamma- 
ray measurements was calculated according to the Currie
formula [lO]
^ P ^ ^  4.653 .^,;^ 2.706 
SPyT
where <7^  ^ is the standard deviation of the background and Tis the 
sample counting time
The gamma dose rate (D) in nG yh"’ in the outdoor air can 
be calculated using the following equation reported by UN- 
SCEAR(2000)
D =  0.462A/JO-f-0.604A7;i + 0.041
where ARa,Arh and A,< are the specific activities in Bq kg“ ’of ^ ^°Ra, 
^^^Th and "‘°K, respectively.
To estimate the annual effective dose rate, use has been made 
of the conversion factor of G.7SvGyr“  ^ [4] from the absorbed 
dose in air to effective dose received by adults and an outdoor 
occupancy factor of 20%, this being the average worldwide value 
reported in [3]. Under these assumptions, the annual effective
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Fig. 3. Absolute efficiency curve o f detecto r used in cu rren t work.
Table 1
The activ ity  concentrations, the total absorbed dose and annual effective dose rate caused by ‘’^ “Ra, ^^^Th and ‘*°K from the sand sam ples in the cu rren t s tudy.
Sam ple code Location/site Activity concentrations (Bqkg 1 Absorbed dose rate  
(nCy h " ')
Effective dose rate  
( m S v y ’ )
"^T h "»K
W est coast
PKPT Hat Patong. Phuket 12.7 ± 0 .3 23.0 ±  0.4 654.3 ± 21 .7 46.7 ±  0.9 0.057 ± 0.001
PNKL Hat Khoa Lak. Phangnga 23.5 -  0.4 31.2 ± 0 .5 155.6 + 5.5 35.1 ± 0.4 0.044 ±  0.001
KBNT Hat N opparatthara. Krabi 2.7 ± 0 .1 3.0 ±0 .1 10.7 ± 0 .9 3.5 ±0.1 0.004 ±0.001
East coast
CPSR Hat Sai Ri, C hum pom 3.2 =  0.1 5.1 ±0.1 182.4 + 8.6 12.3 ± 0 .4 0.015 ±0.001
STCY Hat Chaiya. Suratthani 18.6 =  0.3 34.5 =  0.6 559.7 +  18.6 51.7 +  0.8 0.063 ±0.001
KNSN Hat Khanom. Nakorn sritham m arat n . 6 ± o . i 16.9 = 0.2 500.9 + 6.9 36.5 ± 0.3 0.045 ± 0.001
NB. the reported uncertain ty  takes into account the statistics of counting  only and does not seek to estim ate error in conversion factor and ou tdoor occupancy factor.
close was calculated by the following equation [11]: 
Annual effective dose (m Svyr~')
=  D
=  D X 1.23 X 10-^ m Svyn^
'"(^^x0.7S:x0.2
10^ Gy Gy
3. Results and discussions
Although there are hundreds of gamma rays emitted by ^^ ®Ra 
and ^^^Th decay daughters, the choice of gamma rays to be 
measured was made with care. For example, it is better to accept a 
peak free of summing and mutual spectral interferences, even its 
lower intensity decay branch compared to a contaminated line of 
higher-intensity [12]. One of the major interferences in the 
gamma spectrometry of NORM is the mutual interference 
between decays from ^^ ®Ra (186.21 keV) and (185.27 keV). 
The contribution of counts in the 186 keV peak can be m athem a­
tically calculated by using the isotopic ratio when the
^^ ®Ra is in radioactive equilibrium with its parent However.
the proportion in peak will give misleading results, if the ^^ ®Ra is 
not in equilibrium with In this study, the activity of ^^^Ra is 
not taken into account and only the ^ '^’Pb or ^’“^Bi activities will be 
used because of association with peak interferences and natural 
disturbances that may cause disequilibrium between ^^ ®Ra and its 
parent Therefore we discuss ^^ ®Ra activity rather than 
Table 1 represents the activity concentrations obtained 
following the gamma-ray spectrometry m easurem ents of the 
sand samples. The preliminary analysis from six samples is 
presented in the current work. The activity concentrations 
of ^^ "^ Ra, ^^^Th and for sand samples from the w est coast lie 
in the ranges 2.7 ± 0.1 <->23.5 ± 0.4, 3.0 ± 0.1 <-*31.2 ± 0.5 and 
10.7 + 0.9 <-* 654.3 ±  21.6 Bq k g ' ’ respectively. By contrast, the 
acivity concentrations of ^^^Ra. ^^^Th and for sand samples 
from the east coast lie in the range of 3.2 ±0.1 <-*18.6 ± 0.3,
5.1 ±0.1 ^ 3 4 .5  ±0.6 and 182.4 ± 8.6<-^559.7 ±  18.6 Bq kg" ' 
respectively. It can be seen that the difference of radioactivity 
from sand samples between the w est and east coast of Thailand is 
insignificant. The activity concentration of ’^^Cs is under the 
minimum detectable activity meaning tha t effectively no 
measurable amount of artificial radionuclide is present in the 
sand samples in the current study. The total gamma absorbed
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Table 2
Activities results o f  and  "^C s obtained by gam m a-ray spectrom etry  in beach sand samples, com pared w ith  previously reported data from Thailand
and  o ther countries.
Location Activity concentration (Bqkg~* dry)
23Su "®Ra z"T h 40k *” Cs
Present w ork Thailand 
•  W est coast 2 .7 - 2 3 .5 3 .0 - 3 1 .2 10.7— 654.3 < 0 .5
•  East coast - 3.2 — 18.6 5 .1 - 3 4 .5 1 8 2 .4 -5 5 9 .7
Songkhia, Tliailand - 0 - 2 1 1  (41) 0 - 3 1 9 ( 6 4 ) 8 9 — 963 (248) 0 -9 (1 )
Trang, Thailand'*®' - 3 .9 - 2 7 .4 ( 1 3 .1 ) 2 .3 -1 5 .4 (6 .9 ) 33 .3— 85.2 (57.3) -
Kalpakkam, India'*®' 3 6 - 2 5 8 ( 1 2 4 ) - 3 5 2 -3 8 7 2 ( 1 6 1 3 ) 3 2 4 - 4 0 5  (358) -
Red Sea coast, Egypt'*^' - 10.0— 64.0 9 .0 — 37.4 4 2 1 — 969 -
Ezien region, Turkey'*®' 290.4 - 532.0 1160.8 -
Southeast coast, Brazil '***' - 5 — 4043 7 — 55537 2 5 — 888 “
N ortheast coast, Spain '^ **' 5 - 1 9 - 5 — 44 136 — 1087 ^ 0 .1 -1 .0
W est coast. South Africa 4.0 - 4.8 33.5
dose rate in air at 1 m above the ground surface ranges from
3.5 ±0,1 to 52.8 ±0 .9  nGy h ~ ’ with an average value of 31 ±
1 n C y h " \ The corresponding annual effective dose of 0.038 mSv 
was found to be significantly lower than the world average value 
of 0.07 m Svyr"’ for the annual outdoor effective dose as reported 
by UNSCEAR(2000). The activity concentrations of ^^‘’Ra, ^^^Th 
and in the beach sand samples from the present work have 
been compared with previous studies in Thailand and other 
countries, as shown in Table 2. The activity concentration 
obtained in this study are found to be comparable with this 
previous data.
It should be noted that to ensure that there has been no ^^^Rn 
loss from the samples, sample containers should ideally be 
completely sealed by the use of an 'O' ring [13] and special 
containers constructed from specific materials to prevent the 
escape of gaseous radon are also recommended.
4. Conclusions
The average value of the total gamma absorbed dose rate from 
sand samples was estimated to be 31 ±  1 nCyh"^ leading to a 
predicted annual effective dose of 0.038 mSv, lower than the world 
average annual outdoor effective dose value of 0.07mSvyr“ ^as 
reported by UNSCEAR(2000), but consistent with the values 
reported by others for sand. No artificial radionuclides were 
observed above the MDA limit in the sand samples studied in the 
current work. The indication from the current work is that the 
monitored areas are at the typical local level of radioactivity from 
natural background radiation. The radioactivity concentrations of 
^^ ®Ra, ^^^Th and along the Andaman coast are comparable to 
that of the east coast which was not exposed to the tsunami. 
However, since the current preliminary data concerns only six 
samples from the area studied, further analysis will need to take 
place for a greater number of samples, the data including 
measurements of radioactivity in beach sand samples at different 
distances from the seashore to establish the associated distribution.
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